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The enzyme LeuB from the last common ancestor of the firmicutes has been 
statistically recreated using several different methods. This project deals with two 
versions, Rec/LG and Rec/EX. To better understand these resurrected enzymes, the 
proteins were crystallised. Despite extensive efforts to produce crystals of 
diffraction quality, none of the crystals developed during this project were large 
enough to be of any use in X-Ray crystallography. Strains of Bacillus subtilis were 
genetically modified to each have one of either Rec/LG or Rec/Rec/EX in place of 
the native leuB gene, and then were allowed to evolve alongside an unmodified 
strain for 500 generations. Attempts were made to extract DNA from the evolved 
strains at different points throughout the evolution experiment for whole genome 
sequencing, and to amplify the leuB gene via PCR for direct comparisons of 
changes that may have occurred to the leuB gene over the course of the evolution 
experiment. These attempts were ultimately unsuccessful. In lieu of this genetic 
data, phenotypic changes to the evolved strains were characterised. A new 
phenotype appeared extremely early on in the experiment (by generation 54), and 
in less than 300 generations had swept to fixation in 9 independent strains. In all 
cases, this phenotype included poor growth on LB agar plates, small colonies, and 
small cells. Similar changes have been observed before in laboratory experiments 






I’d like to thank everyone in C.2.10 for always being so friendly, patient, and 
helpful. You all made every day in the lab a joy, and I can’t count the number of 
times someone helped me find something, make something, get something to work, 
or stopped me from breaking something. I would especially like to thank Dr. 
Vickery Arcus for making sure my project was always going in a direction that 
worked for me, Dr. Emma Andrews for helping me understand what I was doing 
and why, Dr. Erica Prentice for being my unofficial third supervisor and doing a 
damn good job at it, and Dr. Judith Burrows and Dr. Emma Summers for the tireless 
work they do to make sure the lab actually runs. I’d also like to thank Dr. Ray 
Cursons for helping me with my DNA extractions and PCR. Despite the setbacks, 
roadblocks, and problems with my project, this has been a great year, entirely 
because of how fun it is to work in this lab with you all. 
 
Finally, I’d like to thank my parents, who tried so hard but just never quite got it. 
 
iv 
Table of Contents 
Contents 
Abstract .......................................................................................................... ii 
Acknowledgements ....................................................................................... iii 
Table of Contents .......................................................................................... iv 
List of Figures .............................................................................................. vii 
List of Tables................................................................................................. ix 
1 1 
Introduction .................................................................................................... 1 
1.1 Ancestral Sequence Reconstruction.................................................... 1 
1.2 The Use of ASR With LeuB Enzymes ............................................... 3 
1.2.1 ANC1-4 ....................................................................................... 3 
1.2.2 Fitness Experiments .................................................................... 5 
1.2.3 Rec/LG and Rec/EX. ................................................................... 6 
1.3 LeuB Structure and Function .............................................................. 7 
1.3.1 Leucine Biosynthesis................................................................... 7 
1.3.2 Active Site of LeuB ..................................................................... 8 
1.3.3 Temperature and LeuB .............................................................. 10 
1.4 Bacterial Evolution Experiments ...................................................... 11 
1.4.1 A Brief Overview ...................................................................... 11 
1.4.2 Evolution in Bacillus subtilis .................................................... 12 
1.5 The Evolution of Rec/LG and Rec/EX ............................................. 13 
2 14 
Structure of Rec/LG and Rec/EX ................................................................. 14 
2.1 Introduction ....................................................................................... 14 
2.2 Methods ............................................................................................ 14 
2.2.1 Protein Expression..................................................................... 14 
2.2.2 Protein Purification ................................................................... 15 
 
v 
2.2.3 Robotic Crystallisation Screens ................................................ 16 
2.2.4 Fine Screens .............................................................................. 16 
2.2.5 Structure Modelling and Analysis ............................................. 16 
2.3 Results and Discussion ..................................................................... 17 
2.3.1 Crystallisation of Rec/LG and Rec/EX ..................................... 17 
2.3.2 Structure Models for Rec/LG and Rec/EX. .............................. 17 
3 22 
Genetics of the Evolution Experiment ......................................................... 22 
3.1 Introduction ....................................................................................... 22 
3.2 Methods and Method Development .................................................. 22 
3.2.1 Genomic DNA Extraction ......................................................... 22 
3.2.2 PCR Amplification of the LeuB Gene ....................................... 24 
3.2.3 DNA Quality ............................................................................. 25 
3.3 Results ............................................................................................... 26 
3.3.1 Genomic DNA Extraction ......................................................... 26 
3.3.2 PCR Amplification of the LeuB Gene ....................................... 28 
3.3.3 Heterogeneity of Evolved Samples ........................................... 29 
Morphology of Evolved Bacillus subtilis .................................................... 30 
4.1 Introduction ....................................................................................... 30 
4.2 Methods ............................................................................................ 30 
4.2.1 Plate Growth .............................................................................. 30 
4.2.2 Endospore Staining ................................................................... 30 
4.3 Results ............................................................................................... 31 
4.3.1 Colony Morphology .................................................................. 31 
4.3.2 Growth of the New Morphotype ............................................... 33 
4.3.3 Sporulation and Cell Morphology ............................................. 34 
Discussion and Future Research .................................................................. 38 
5.1 Structure of Rec/LG and Rec/EX ..................................................... 38 
 
vi 
5.2 Genetics of Evolved Samples ........................................................... 39 
5.2.1 Whole Genome DNA Extraction .............................................. 39 
5.2.2 PCR Amplification of leuB ....................................................... 40 
5.3 Morphology of Evolved Bacillus subtilis ......................................... 41 
5.3.1 Phenotypic Differences Between Samples ................................ 41 
5.3.2 Comparing NCM to SCV .......................................................... 42 
5.4 Conclusions ....................................................................................... 44 
References .................................................................................................... 45 





List of Figures 
 
Figure 1: Schematic of the branched-chain amino acid (BCAA) biosynthesis 
pathway in Ralstonia eutropha, including the biosynthesis of 
leucine from 2-ketoisovalerate (Brigham et al., 2015)......................... 8 
Figure 2: Isopropylmalate (left) and Isocitrate (right). The different groups 
attached to the γ carbon appear to be crucial in the substrate 
specificity of LeuB. Chemical structure images retrieved from 
https://pubchem.ncbi.nlm.nih.gov on 17.10.2017. ............................... 9 
Figure 3: The substrate binding site of LeuB, complexed with IPM (green). 
Glu88 (pink) creates a negative charge at the mouth of the 
hydrophobic binding pocket which prevents binding of isocitrate. 
Leu91, Leu92, and Val193 (blue) all contribute to the formation 
of the hydrophobic binding pocket. Adapted from Imada et al. 
1998. ................................................................................................... 10 
Figure 4: Pictures of protein crystals of Rec/LG and Rec/EX. See appendix 
for crystallisation conditions. ............................................................. 17 
Figure 5:  B factor putty cartoons of A: The Rec/LG model and B: The 
Rec/EX model, using SWISS-MODEL’s local quality estimate in 
place of B factor values. Higher numbers, towards the red end of 
the colour spectrum, indicate a higher quality. .................................. 19 
Figure 6: The near identical NAD binding sites of A: Rec/LG. B: Rec/EX. C: 
ANC4. The only residue not conserved between all three is 
circled in red. Position of NADH adapted from Graczer et al. 
2011. Structure of ANC4 adapted from Hobbs et al. 2011. Note 
that the glutamic acid on the far right in A and B is also present 
in C, but it has not been properly represented in the crystal 
structure. ............................................................................................. 20 
Figure 7: The active sites of Rec/LG (pink Carbons), Rec/EX (green Carbons), 
and ANC4 (blue Carbons) overlapping and shown as lines. 
Position of NADH (green Carbons) adapted from Graczer et al. 
2011. Position of IPM (yellow Carbons) adapted from Imada et 
al. 1997. Structure of ANC4 adapted from Hobbs et al. 2011. .......... 20 
Figure 8: 1% agarose gel of genomic DNA extracted from the parents of 
W168, Rec/LG, and Rec/EX using the original method. ................... 26 
Figure 9: 1% agarose gel of genomic DNA extracted from Gen54 W168 
samples, using the phenol chloroform based method. ....................... 27 
Figure 10: 1% agarose gel of genomic DNA extracted from the parents of 
W168, Rec/LG, and Rec/Rec/EX using the optimised method. ........ 28 
Figure 11: Evolved samples from generation 54 grown on agar plates, 
illustrating differences in colony morphotype. .................................. 31 
 
viii 
Figure 12: Evolved samples from generation 199 grown on agar plates, 
illustrating differences in colony morphotype. .................................. 32 
Figure 13: Evolved samples from generation 298 grown on agar plates, all 
displaying the NCM. .......................................................................... 33 
Figure 14: W168 samples from generation 298 after 24 hrs of growth on agar 
plates................................................................................................... 33 
Figure 15: W168 samples from generation 298 after 48 hrs of growth on agar 
plates................................................................................................... 34 
Figure 16: Cells from generation 54 after endospore staining. ............................. 35 
Figure 17: Cells from generation 199 after endospore staining. ........................... 36 




List of Tables 
 
Table 1: One example of yield and purity of genomic DNA extracted from 
the parents of W168, Rec/Rec/LG, and Rec/EX using the original 
method. ............................................................................................... 26 
Table 2: Yield and purity of genomic DNA extracted from Gen54 W168 
samples, using the phenol chloroform based method. ....................... 27 
Table 3: Yield and purity of genomic DNA extracted from the parents of 









1.1 Ancestral Sequence Reconstruction 
Ancestral Sequence Reconstruction (ASR) is a technique used to study the history, 
evolution, and function of proteins. The core concept of ASR involves gene 
sequencing for multiple related proteins, which are then aligned. From this 
sequence alignment, a phylogeny is generated. The nodes of this phylogeny 
represent various ancestral versions of the protein of interest spanning all the way 
back to the common ancestor of all the extant proteins involved in the analysis. The 
sequences of these nodes can be statistically inferred, generating an approximation 
of what the true ancestral proteins were like. The genes that code for these inferred 
sequences can then be synthesised, providing a physical reconstruction of ancient 
extinct proteins that can be subject to experimentation (Cai, Pei, & Grishin 2004; 
Merkl & Sterner 2016). 
 
The uses of this technique are many and varied. First and most obviously, ASR can 
be used to study the history of proteins, offering a glimpse at the proteome of extinct 
organisms (Hobbs et al. 2011; Risso et al. 2013; Loughran et al. 2014). This can be 
extended into an inference of what the environment that these organisms lived in 
was like (Gaucher et al. 2003; Gaucher, Govindarajan, & Ganesh 2008). ASR can 
also be used as part of a “vertical approach” for studying protein structure and 
function. Ultimately, the information that can be gained from extant proteins alone, 
i.e. a “horizontal approach”, is limited. Reconstruction of protein history offers an 
extra level of perspective for determining what aspects of a protein are crucial to 
function and which are not. In particular, ASR allows for a direct analysis of which 
mutations gave a protein its functions, something that is rarely if ever possible using 
only extant proteins (Yokoyama, Yang, & Starmer 2008; Harms & Thornton 2010; 
Merkl & Sterner 2016). More generally, ASR can offer a glimpse at the 
evolutionary history of proteins, and the trends that define it (Bridgham et al. 2009; 
Voordeckers et al. 2012; Wheeler et al. 2016). ASR can even be useful in modern 
biotechnological applications as a protein engineering tool, since ancient enzymes 
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may have unique catalytic properties that are not found in any extant organism 
(Cole & Gaucher 2011; Whitfield et al. 2015). 
ASR also offers invaluable insight into the molecular processes of evolution and 
has been instrumental in several discoveries about evolutionary history on a 
molecular level. For example, ASR was used to elucidate the evolutionary path of 
the steroid receptor family of proteins from a single promiscuous ancestor to a wide 
variety of proteins with high specificity (Eick et al. 2012). The same has been done 
for the evolution of visual colour pigments in vertebrates (Chinen, Matsumoto, & 
Kawamura 2005). 
 
ASR was first conceived in 1963, although the first experiment using it was not 
performed until 1990 (Malcom et al. 1990; Hobbs et al. 2015; Joy et al. 2016). The 
earliest examples of ASR used maximum parsimony (MP) to generate their 
phylogenies (Merkl & Sterner 2016). However, MP is rarely used alone in modern 
inferences due to its limitations and biases. The most notable of these is the 
phenomenon known as long branch attraction, where highly divergent lineages are 
assumed to be more closely related than they really are. More modern techniques 
include neighbour joining, maximum likelihood, and Bayesian inference (Merkl & 
Sterner 2016). These are more complex statistical methods that require 
incorporation of a model of evolution, and with the right model they can provide a 
more accurate phylogeny when compared to MP. Within the past few years, it has 
been suggested that creating a phylogeny based on protein sequence alone is 
inadequate, and that sequence phylogenies should be combined with the 
phylogenies of the species they come from to improve accuracy (Szöllősi et al. 2014; 
Groussin et al. 2015). 
 
While the evolutionary history of each protein is of course different, a few 
overarching trends have been suggested for protein evolution based on experiments 
done using ASR. The first and most well supported is the trend of decreasing 
thermostability over time. When looking at timescales of around a billion years or 
more, proteins resurrected through ASR tend to have high thermostability, which 
decreases over evolutionary time (Gaucher, Govindarajan, & Ganesh 2008; Perez-
Jimenez et al. 2011; Hobbs et al. 2011; Akanuma et al. 2013; Risso et al. 2013; 
Butzin et al. 2013). This trend has been used as evidence that early life was by and 
large thermophilic (Di Giulio, 2003; Gaucher, Govindarajan, & Ganesh 2008; 
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Akanuma et al. 2013). Another trend, although less common, is that of decreasing 
catalytic activity in enzymes over time (Perez-Jimenez et al. 2011; Akanuma et al. 
2013; Butzin et al. 2013). In terms of evolutionary history, ASR experiments have 
suggested that epistatic interactions are a major factor in how proteins evolve 
(Ortlund et al. 2007; Bridgham, Ortlund, & Thornton 2009). This hypothesis is 
supported by other phylogenetic works that did not use ASR (Phillips 2008; Lunzer, 
Golding, & Dean 2010). 
 
It is possible that these trends are simply artefacts of ASR itself, and do not reflect 
reality. After all, ASR is entirely a statistical practice, and its findings cannot be 
empirically verified as no ancient ancestral proteins still exist. However, several 
studies lend support to the idea that resurrection of proteins through ASR offers a 
faithful reconstruction of the original (Hall 2006; Hanson-Smith, Kolaczkowski, & 
Thornton 2010; Akanuma et al. 2015), and although it does have biases (Krishnan 
et al. 2004; Williams et al. 2006), these do not seem to contribute towards the 
general trends. Despite the apparent broad accuracy of ASR, it is not a perfect 
process and it is unlikely that any resurrected protein will be exactly the same as 
the ancestor that it emulates. 
 
1.2 The Use of ASR With LeuB Enzymes 
1.2.1 ANC1-4 
ASR was used to resurrect ancient ancestors of the Bacillus LeuB enzymes (Hobbs 
et al. 2011). In this study, four ancestors were generated, labelled ANC1-4. Each 
ancestor was older than the last, with ANC4 representing LeuB from the last 
common ancestor of all Bacillus species. The ancestors, as well as three 
contemporary LeuB enzymes (from a thermophilic, mesophilic, and psychrophilic 
Bacillus species), were characterized: The optimum temperatures and Michaelis-
Menten constants were determined for each of the enzymes. These tests revealed, 
at least in part, the evolutionary pathway of Bacillus LeuB. The youngest ancestor, 
ANC1, was thermophilic, despite some of its contemporary descendants being 
psychrophiles. Going back further, ANC2 was mesophilic, while ANC3 and ANC4 




This supports the widespread hypothesis that proteins around 1 billion years or 
older were highly thermophilic (with ANC4 simulating an approximately 950-
million-year-old protein), but also shows that protein evolution is not a simple 
matter of linearly decreasing thermophily over time. As shown by the LeuB 
ancestors, lineages may develop and lose thermophilic properties multiple times 
throughout their evolutionary history. ANC4 also showed a substantial increase in 
efficiency when compared to contemporary thermophilic LeuB, and an increase in 
overall kinetic stability. 
 
These findings present a puzzling question: Why would natural selection promote 
or allow a loss of stability and biochemical efficiency over evolutionary time? Do 
these traits incur a fitness cost? 
Proteins are energetically very expensive to produce (Cox & Cook 2007; Edwards, 
Roberts, & Atwell 2012), and so highly stable proteins, with their relatively long 
half-lives, should conserve energy when compared to their less stable counterparts. 
Highly stable proteins are also less likely to form non-functional aggregates (Chi et 
al. 2003; DePristo, Weinreich, & Hartl, 2005), and are more able to accommodate 
novel mutations that could lead to new or improved function (Bloom et al. 2006; 
Tokuriki & Tawfik 2009; Dellus-Gur et al. 2013). 
 
However, increased protein stability is not purely beneficial. Highly stable proteins 
are difficult to regulate, taking longer to degrade via cellular pathways and 
consuming much more ATP in the process (Kenniston et al. 2003). Studies have 
also observed an inverse relationship between protein stability and catalytic activity 
(Shoichet et al. 1995; Somero 1995), although this does not seem to be an issue for 
many resurrected enzymes, including the LeuB ancestors. Since most possible 
mutations to a protein are destabilising (Tokuriki et al. 2008), it is also possible that 
proteins are simply statistically likely to become less stable over time. Protein 
stability would then only be preserved if it is strongly favoured by natural selection, 
as is the case with thermophiles (Fields 2001). 
 
Unlike protein stability, catalytic efficiency of enzymes has no known inherent 
downsides, and so at first it may seem that all enzymes should evolve towards 
catalytic perfection: The point at which the rate of an enzyme’s reaction is limited 
only by the speed of diffusion (Albery, W. J. & Knowles, J. R., 1976). If the 
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observed trend of ancient enzymes having high catalytic efficiency is accurate, then 
this is clearly not the case. Indeed, most enzymes are nowhere near catalytic 
perfection, and only exhibit moderate catalytic efficiency (Bar-Evan et al. 2011). 
 
This is likely because an enzyme’s efficiency can only be relevant to natural 
selection if it is the slowest enzyme in its metabolic pathway. If it is not, then it 
doesn’t matter how fast the enzyme is because the overall pathway will continue at 
the same rate. Furthermore, other factors may be selected for even at the cost of 
efficiency, slowly eroding an enzyme’s catalytic efficiency until it becomes a 
problem for the organism (Newton, M. S., Arcus, V. L, & Patrick, W. M., 2015). 
This model of enzyme evolution may also explain why the trend of increased 
efficiency in ancient enzymes is less common than the trend of high stability: 
Enzyme efficiency is essentially cyclical, slowly degrading over evolutionary time 
until it becomes the slowest in its pathway. At this point mutations that increase 
efficiency become highly beneficial and will be selected for, causing efficiency to 
increase. If this cyclical model of enzyme evolution is correct, then it would be 
random chance what point of the cycle any given ancestor was at. 
 
1.2.2 Fitness Experiments 
In 2015, Hobbs et al. transformed their previously constructed LeuB ancestors into 
Escherichia coli, to determine if their apparently favourable biochemical and 
physical properties conferred a fitness advantage over E. coli which had instead 
received contemporary Bacillus LeuB enzymes. They in fact determined the 
opposite: E. coli strains with the oldest LeuB ancestor, ANC4, struggled to grow on 
media with minimal nutrients, while those strains with contemporary and young 
ancestral LeuB thrived. This was despite ANC4 having a much higher catalytic 
efficiency and much greater kinetic and thermal stability than contemporary and 
young ancestral LeuB. 
Further experimentation found no correlation between efficiency of LeuB and 
organismal fitness, nor between stability of LeuB and organismal fitness. However, 
a strong inverse correlation was found between the estimated age of an ancestral 
enzyme and the organismal fitness. Hobbs et al. tentatively concluded that the 
increasing evolutionary distance between older LeuB ancestors and the 
contemporary machinery of the E. coli caused epistatic discordance that incurred a 
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fitness cost. That is to say, the ancient enzyme was poorly adapted to work in the 
modern pathway. However, they also cautioned that their dataset was small, and 
that further research would be needed (Hobbs et al. 2015). 
 
In addition, this hypothesis is problematic when considering that the experiment 
was performed with contemporary E. coli, which diverged from Bacillus long 
before the estimated age of any of the inferred ancestors. Therefore, all the inferred 
ancestors, as well as contemporary Bacillus LeuB, are equally related to the modern 
proteome of E. coli. An alternate hypothesis proposed by Hobbs et al. is that since 
ASR becomes less accurate the older an ancestor is, the dropping fitness with 
estimated age could simply be an artefact of ASR, and not reflective of reality.  
 
Regardless of why, it is evident that despite showing apparently favourable 
biochemical properties, ancient LeuB ancestors impose a fitness cost upon modern 
E. coli. It is, at present, unknown whether this finding would be applicable to other 
ancient resurrected proteins. Despite the work of Hobbs et al., it is still uncertain 
what causes this loss of fitness. Is it, as they suggested, a consequence of epistatic 
interactions? Or are these ancient enzymes generally inferior to their contemporary 
counterparts in ways that have not yet been elucidated? Is it simply due to 
limitations in the accuracy of ASR? The mechanism behind the poor in vivo 
properties of ancient LeuB ancestors is important to uncover, as it could reveal 
much about either enzyme evolution, the accuracy of ASR, or both. 
 
1.2.3 Rec/LG and Rec/EX. 
In 2015, Groussin et al. used ASR to resurrect LeuB from the last common ancestor 
of the Firmicutes, the bacterial phylum to which Bacillus belongs. They used 
multiple models of evolution to infer multiple versions of this LeuB ancestor. Most 
ASR inferences only consider the sequence alignment of contemporary proteins 
(referred to as S-unaware trees). Groussin et al. attempted to reconcile this single 
gene phylogeny with a species level phylogeny (referred to as S-aware trees) which 
includes both protein and species information, giving much more context for the 




The 2015 publication by Groussin et al. refers to two versions of LeuB from the 
last common ancestor of the Firmicutes. The first is LeuBS-unaw, which is based on 
an S-unaware LeuB phylogeny. The second is LeuBS-aw, which is based on an S-
aware LeuB phylogeny. Both enzymes were inferred using the site heterogeneous 
EX_EHO model of evolution. Although not mentioned in the final publication, 
another version of the ancestral LeuB was resurrected during the experiments of 
Groussin et al. This version was also inferred using an S-aware tree but used the 
site homogeneous LG model of evolution. This thesis deals with both LeuBS-aw and 
the unpublished enzyme and refers to them henceforth as Rec/EX and Rec/LG, 
respectively. Like many of the ancient LeuB ancestors characterised thus far, 
Rec/EX and Rec/LG show high thermostability (Both having a Topt of 85 °C) and 
catalytic activity (With a Kcat of 181.2 s
-1 and 161.9 s-1, respectively) when 
compared to their contemporary counterparts. Although the kinetics of these 
enzymes have been characterised, no crystal structures, or even models of the 
structures, have been produced. 
 
1.3 LeuB Structure and Function 
1.3.1 Leucine Biosynthesis 
Leucine is one of the twenty common amino acids found in the genetic code. Like 
all the common amino acids, it is used in the building practically all proteins 
(Garrett & Grisham 2005). As such, virtually all organisms must either take up or 
synthesise leucine to survive. In Bacteria, leucine biosynthesis is handled by the 
leucine operon, which is made up of four genes that code for three enzymes. Figure 




Figure 1: Schematic of the branched-chain amino acid (BCAA) biosynthesis pathway in Ralstonia eutropha, 
including the biosynthesis of leucine from 2-ketoisovalerate (Brigham et al., 2015). 
 
The second enzyme in the leucine biosynthesis pathway is LeuB, also referred to in 
the literature as Isopropylmalate Dehydrogenase or IPMDH (sometimes the prefix 
3- is used for both names, as is the case in Figure 1). This enzyme was first 
discovered in 1963 by Burns, Umbarger, and Gross. It acts on its two substrates, 3-
isopropylmalate (IPM) and NAD+, in the presence of a divalent cation, with Mn2+ 
being preferred (Wallon et al., 1996). LeuB catalyses the transfer of a hydride ion 
from IPM to NAD+, and the decarboxylation of IPM’s keto acid to form α-
Ketoisocaproic acid (Pirrung, Han, & Nunn, 1994; Imada et al., 1998). 
 
1.3.2 Active Site of LeuB 
The first crystal structure for LeuB was published in 1991 by Imada et al., giving 
the structure of LeuB from Thermus thermophilus. This paper showed that LeuB 
consists of two domains of similar structure. These domains fold into a closed form 
where a hydrophobic pocket formed by both domains contributes to substrate 
binding and catalysis. While this hydrophobic pocket has a broad specificity 
towards alkylmalates, it does not bind to the very similar isocitrate (Miyazaki et al. 
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1993). Isocitrate has a carboxymethyl group on the γ carbon, whereas 3-
isopropylmalate has an alkyl group in the same position (Figure 2). 
 
 
Figure 2: Isopropylmalate (left) and Isocitrate (right). The different groups attached to the γ carbon appear to 
be crucial in the substrate specificity of LeuB. Chemical structure images retrieved from 
https://pubchem.ncbi.nlm.nih.gov on 17.10.2017. 
 
The inability of LeuB to bind to isocitrate despite its otherwise broad specificity 
strongly implies that the group attached to the γ carbon is crucial to the substrate 
recognition of LeuB. This hypothesis is supported by the 1998 paper of Imada et 
al., who crystalized LeuB of Thiobacillus ferrooxidans in the presence of 3-
isopropylmalate. Of the four amino acids that form the hydrophobic substrate 
binding pocket, they identified Glu88 as being essential to substrate recognition. In 
the active, closed form of LeuB, the carboxylic acid of the Glu88 sidechain sits in 
between the fork created by the γ alkyl group of 3-isopropylmalate. The close 
position of Glu88 to the substrate, and the extra turn in the helix responsible for the 
formation of the pocket, gives LeuB a long, narrow binding pocket relative to the 
very similar Isocitrate Dehydrogenase. It is this long and narrow binding pocket, in 
conjunction with the negatively charged Glu88, that excludes isocitrate from 





Figure 3: The substrate binding site of LeuB, complexed with IPM (green). Glu88 (pink) creates a negative 
charge at the mouth of the hydrophobic binding pocket which prevents binding of isocitrate. Leu91, Leu92, and 
Val193 (blue) all contribute to the formation of the hydrophobic binding pocket. Adapted from Imada et al. 
1998. 
 
An earlier work by Dean & Dvorak in 1995 further supports this hypothesis. 
Though not the primary focus of their paper, they found that mutants which replaced 
Glu87 (which, in T. thermophilus, sits at the opening of the hydrophobic binding 
pocket and so is homologous to the Glu88 in T. ferrooxidans) led to a reduction in 
substrate specificity. Despite the hypothesis that ancient ancestral enzymes were 
more promiscuous than their contemporary counterparts (Khersonsky & Tawfik 
2010), resurrected ancestors of LeuB whose crystal structures have been solved all 
possess this key glutamic acid, and they appear to be just as specific as their 
contemporary counterparts (Hobbs et al. 2011, Prentice 2013). 
 
1.3.3 Temperature and LeuB 
LeuB enzymes are found in a wide variety of microbes. The organisms that possess 
LeuB can be thermophilic, even extremely so (Kagawa et al., 1984). However, 
LeuB can also be found in mesophiles (Wallon et al., 1997) and even psychrophiles 
(Svingor et al., 2001). The temperatures across which these organisms can grow 
ranges from -1.5 °C to 80 °C (Wiebe, Sheldon, & Pomeroy, 1991; Beffa et al., 
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1996). This vast temperature range implies a massive amount of temperature 
adaptations across different LeuB enzymes. 
 
Many experiments have been done with LeuB to uncover the structural features that 
confer thermal stability. Wallon et al. in 1997 compared the crystal structures of 
LeuB from the mesophiles E. coli and Salmonella typhimurium to that of the 
extreme thermophile T. thermophilus. The main structural differences that they 
identified as contributing to thermostability were more ion pairs and hydrogen 
bonds, a tighter association of subunits due to a more hydrophobic and relatively 
larger interface, and a higher proportion of the highly rigid amino acid proline. The 
individual contributions of these features could not be identified. However, the 
stability offered by the increased hydrophobic interaction of the subunit interface 
had previously been experimentally verified by Kirino et al. in 1994. Kironi et al 
mutated E. coli LeuB to increase the hydrophobicity of the interface, and did the 
opposite with T. thermophilus LeuB. They found that the E. coli mutant was more 
thermostable, and the T. thermophilus one was less thermostable. Németh et al. in 
2000 further demonstrated the importance of ion pairs in LeuB thermal stability 
with a mirror mutation experiment. This experiment eliminated one ion cluster in 
T. thermophilus LeuB and introduced a homologous ion cluster in the LeuB of E. 
coli.  The mutants were unambiguously less and more thermostable, respectively, 
than their wildtype counterparts. 
 
1.4 Bacterial Evolution Experiments 
1.4.1 A Brief Overview 
Bacteria have long been used as models to observe and experiment with the 
processes of evolution (O’Malley 2017). Early research in the area was largely 
unconcerned with bacteria themselves, but saw the benefit in using the relatively 
simple and much easier to work with single celled organisms to help explain 
underlying concepts of evolution that could also be applied to plants and animals 
(O’Malley 2017).  
 
Not just limited to serving as a model for complex organisms, bacterial evolution 
experiments are often used to elucidate evolutionary phenomena that are unique to 
bacteria themselves (such as the works of Lenski 1998; Björkman et al. 2000; Lázár 
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et al. 2013). Bacteria are also used to study molecular evolution. This focuses on 
changes to single molecules such as genes or proteins, rather than entire organisms 
or populations (Papadopoulos et al. 1999; Woods et al. 2006; Paterson et al. 2010). 
 
1.4.2 Evolution in Bacillus subtilis 
B. subtilis is a rod shaped, gram positive, endospore forming species of bacteria. It 
has been extensively studied and is considered a model organism for laboratory 
experimentation (Mäder et al. 2011). The largest evolution experiment done to date 
with B. subtilis is a 6,000 generation experiment first reported on by Maughan et al. 
in 2006. In this experiment, 5 lines were evolved in conditions intended to strongly 
select for sporulation, while 5 other lines were evolved in relaxed conditions in 
which the ability to sporulate offered no benefit. 
 
Under the relaxed conditions, two strains developed a severely reduced ability to 
sporulate, while three lines lost the ability entirely. Because sporulation is a very 
complex process relying on the coordinated efforts of 210 genes to carry out, there 
is plenty of room for random mutations to shut down sporulation in an environment 
where the ability to sporulate is a neutral trait (referred to by Maughan et al. 2007 
as mutational degradation, or MD). However, it is also a very energetically 
expensive and time-consuming process, and so could be subject to negative 
selection. In 2007, Maughan et al. found significant evidence for negative selection 
in only one of the five strains in which sporulation was reduced or eliminated. This 
indicates that mutational degradation is the primary cause for loss of sporulation in 
experimental populations of B. subtilis. 
 
Maughan & Nicholson reported in 2011 that four of the five strains grown in spore 
repressing media adopted a novel colony morphology which they dubbed the Small 
Colony Variant (SCV). This morphology was defined by the small distinct colonies 
formed when the strains were grown on agar plates. Other phenotypic traits were 
noted amongst SCV strains, but none occurred in all four. Because the SCV 
emerged in four independent strains of bacteria, Maughan & Nicholson 
hypothesised that either the SCV or a phenotype strongly correlated with it was 




1.5 The Evolution of Rec/LG and Rec/EX 
Dr. Emma Andrews of the Proteins and Microbes laboratory at the University of 
Waikato carried out an evolution experiment to compare the evolutionary 
trajectories of native B. subtilis W168 with replacement mutant strains containing 
the genes for Rec/EX and Rec/LG in place of their native LeuB. Extensive efforts 
were also made to replace the native LeuB gene of B. subtilis with other inferred 
ancestors, such as ANC4, but as of yet only Rec/EX and Rec/LG mutants have been 
successfully created. The methodology of the evolution experiment was based on 
the 6,000-generation B. subtilis evolution experiment (see Materials and Methods 
of Maughan et al. 2006), although with a different medium to ensure the synthesis 
of leucine via the leucine biosynthetic pathway (see appendix). Initially, the spore 
inducing media and heat shock process used by Maughan et al. was applied to the 
evolution experiment to prevent loss of sporulation. However, this led to the 
extinction of every cell line. In parallel, a medium adapted from the spore repressing 
medium used by Maughan et al. was used. Each strain was run in triplicate for 400 
generations, with a glycerol stock of each culture being taken every 50 generations. 
 
The purpose of this thesis project was to analyse the genetic differences in the 9 
cultures as they evolved over 400 generations. In particular, the focus for this 
project was any evolution that may have affected the LeuB enzyme, be it through 
mutations to the leuB gene, or changes in its regulatory regions. If significant 
changes to the leuB gene were found, differences in enzyme kinetics and possibly 











Structure of Rec/LG and Rec/EX 
2.1 Introduction 
The crystal structures of many different LeuB enzymes have been solved, including 
several resurrected ancestors (Imada et al. 1991; Wallon et al. 1997; Imada et al. 
1998; Graczer et al. 2011; Hobbs et al. 2011; Prentice 2013). These crystal 
structures have helped to elucidate much about the structural elements behind the 
substrate specificity, activity, and stability of LeuB. Rec/LG and Rec/EX both show 
impressive catalytic activity and stability, but to date their crystal structures have 
not been solved. The structures of these enzymes could be valuable pieces in the 
ongoing efforts to determine exactly how differences between enzyme structures 
affect their kinetic properties. Furthermore, they could be used as reference points 
when analysing the evolved Rec/LG and Rec/Rec/EX to determine if significant 
structural changes occurred over the course of the evolution experiment. 
2.2 Methods 
2.2.1 Protein Expression 
The genetic sequences for Rec/LG and Rec/EX were cloned into pPROEX plasmids 
and transformed into E. coli (Groussin et al. 2015). Glycerol stocks of these 
transformants were kept at -70 ºC. For expression, initially samples of these stocks 
were streaked out on LB agar with ampicillin (1000:1) and incubated at 37 ºC 
overnight. Swabs from these colonies were used to inoculate 10 mL of LB broth 
with ampicillin (1000:1) starter cultures, and these starter cultures were incubated 
at 37 ºC and 200 rpm overnight. Each starter culture was added to 1 L of LB broth 
with ampicillin (1000:1), and these cultures were incubated at 37 ºC and 200 rpm. 
The OD600 for these cultures was monitored until it reached an absorbance between 
0.4 and 0.6. At this point, 1 mL of 0.75 M IPTG was added to induce protein 
expression. After induction, cultures were incubated overnight at 37 ºC and 
200 rpm. The cells were then pelleted and stored at -70 ºC. 
 
A series of experiments were carried out to streamline this process. The new method 
for protein expression started with direct inoculation of 10 mL LB broth with 
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ampicillin (1000:1) starter cultures with 10 µL of the glycerol stocks of Rec/LG or 
Rec/EX. These starter cultures were incubated at 37 ºC and 200 rpm overnight. 
Each starter culture was added to 1 L of LB broth with ampicillin (1000:1). One 
mL of 0.75 M IPTG was immediately added to induce protein expression, and 
cultures were incubated overnight at 37 ºC and 200 rpm. The cells were then 
pelleted and stored at -70 ºC. 
 
2.2.2 Protein Purification 
Cell pellets containing the relevant protein were resuspended in a 50 mM sodium 
phosphate buffer at pH 8 with 300 mM sodium chloride and 20 mM imadazole 
(nickel buffer A). The resuspended cells were lysed using a Sonicator XL2020 
(Misonix, Farmingdale, NY, USA) with a fine tip at setting 5 for 6x 20s bursts, with 
30s on ice between each burst. Cell debris was then pelleted at 19,650 rcf for 20 min 
at 4 ºC. Supernatant was filtered through 1.2, 0.45, and 0.2 µm filters and loaded 
into a HisTrap HP Nickel Column (GE Healthcare, Chicago, IL, USA). The nickel 
purification graduated from nickel buffer A to a 50 mM sodium phosphate buffer 
at pH 8 with 300 mM sodium chloride and 1 M imadazole (nickel buffer B) over 
50 mL using an ÄKTA Purifier (GE Healthcare, Chicago, IL, USA). 
 
The nickel purification fractions containing protein were combined in a 10,000 
MWCO concentrator and centrifuged at 3480 rcf in 10 min intervals until a volume 
of approximately 750 µL was reached. This concentrated solution was put through 
size exclusion using either a Superdex 200 10/300 (GE Healthcare, Chicago, IL, 
USA) or a HiLoad 16/60 Superdex 200 (GE Healthcare) column as available. at 
first, size exclusion was performed using a 20 mM potassium phosphate buffer at 
pH 7.6. Due to problems with the production of salt crystals in crystal screens, and 
the formation of a white precipitate in the assay buffer which contained manganese, 
this was switched to a 20 mM HEPES buffer. 
 
Protein concentration was measured using a NanoDrop 2000 (Thermo Fisher 
Scientific, Waltham, MA, USA), considering the extinction coefficient calculated 
by ProtParam based on the protein’s amino acid sequence. 
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2.2.3 Robotic Crystallisation Screens 
To grow crystals of Rec/LG and Rec/EX, a wide variety of possible crystallisation 
conditions were sampled via robotic screenings. The screening conditions used 
were SaltRx 1, SaltRx 2, PEGRx 1, PEGRx 2, Crystal Screen, Crystal Screen 2, and 
Index (Hampton Research, Aliso Viejo, CA, USA). For Rec/LG, these screening 
conditions were used with 3 different protein concentrations (9 mg/mL, 35 mg/mL, 
and 50 mg/mL). For Rec/EX, 3 different protein concentrations were used (4 
mg/mL, 43 mg/mL, and 56 mg/mL). Since LeuB undergoes a large conformational 
change when bound to IPM (Imada et al. 1998), an additional protein condition was 
created by adding 4 mM IPM to the protein (25 mg/mL) prior to creating the screen. 
Sitting drops with a 1:1 ratio of protein to mother liquor were set up for each 
condition using a mosquito crystallisation robot (TTP Labtech, Melbourn, United 
Kingdom).  
 
2.2.4 Fine Screens 
Robot screen conditions which produced crystals were used as the basis for fine 
screens. All fine screens used the hanging drop method with a 1:1 ratio of protein 
to mother liquor. Variables such as pH and concentrations of additives were altered 
in increments to replicate and optimise crystal growth. All in all, 11 fine screens 
were created for Rec/LG, while 12 were created for Rec/Rec/EX (see appendix). 
 
2.2.5 Structure Modelling and Analysis 
The amino acid sequences of Rec/LG and Rec/EX were submitted to SWISS-
MODEL (Arnold et al. 2006; Geux, Peitsch, & Schwede 2009; Kiefer et al. 2009; 
Biasini et al. 2014). SWISS-MODEL predicted the 3D structure of Rec/LG and 
Rec/EX based on their amino acid sequences, using ANC4 (as published by Hobbs 
et al. 2011) as a template. Crystal structures of T. thermophilus LeuB bound to 
NADH (Graczer et al. 2011) and T. ferrooxidans LeuB bound to IPM (Imada et al. 
1997) were used to aid the analysis of the model structures. These two crystal 
structures were aligned to the crystal structure of ANC4 and the models of Rec/LG 




2.3 Results and Discussion 
2.3.1 Crystallisation of Rec/LG and Rec/EX 
Both Rec/LG and Rec/EX were successfully overexpressed, purified, and 
crystallised several times. Figure 4 shows a selection of some of the best (largest, 
with the most well-defined edges and regular shape) crystals of both Rec/LG and 
Rec/EX.  
 
Figure 4: Pictures of protein crystals of Rec/LG and Rec/EX. See appendix for crystallisation conditions. 
 
Despite trying a total of 1,416 different conditions for Rec/LG and 1,824 for 
Rec/EX, not a single protein crystal of sufficient quality for X-ray diffraction was 
obtained. The primary problem was size, with even the largest crystals being too 
small to successfully loop. The only crystals that could be looped were shown to be 
salt crystals by X-ray diffraction on a SuperNova Single Crystal Diffractometer 
(Agilent Technologies, Santa Clara, CA, USA). 
 
2.3.2 Structure Models for Rec/LG and Rec/EX. 
SWISS-MODEL was able to successfully generate models of the 3D structure for 
both Rec/LG and Rec/EX. These structural models were analysed and compared to 
existing LeuB crystal structures to determine whether the models could explain any 




SWISS-MODEL primarily uses a statistic called Qualitative Model Energy 
Analysis (QMEAN) to assess the overall quality of a model. This composite statistic 
looks at the torsion angles between amino acids, the distance between Cβ atoms, 
and the degree to which hydrophobic amino acids are buried within the structure. 
The overall QMEAN score for the model is calculated based on how close these 
factors are to those of experimental structures of a similar size. The model of 
Rec/LG was assigned a QMEAN score of -1.68, while Rec/EX was assigned a score 
of -1.87. SWISS-MODEL defines models with scores lower than -4.0 as poor 
quality. SWISS-MODEL also uses a statistic called Global Model Quality 
Estimation (GMQE). This statistic is based on the alignment of the model’s 
sequence to its template’s sequence, but also takes into account the QMEAN of a 
model. Each model is assigned a GMQE score between 0 and 1, with higher 
numbers indicating a more reliable model. The model of Rec/LG was assigned a 
GMQE score of 0.78, while the model of Rec/EX was assigned a GMQE score of 
0.76. Based on these scores, the overall models of Rec/LG and Rec/EX are likely 
to be accurate. However, SWISS-MODEL also assigns a local quality estimate 
between 0 and 1 to each residue based on the same factors, with higher numbers 
indicating higher quality. Figure 5 illustrates this local quality for Rec/LG and 
Rec/EX using the B factor putty function of PyMOL, since SWISS-MODEL uses 
this local quality estimate in lieu of B factor values. Despite the overall models 





Figure 5:  B factor putty cartoons of A: The Rec/LG model and B: The Rec/EX model, using SWISS-MODEL’s 
local quality estimate in place of B factor values. Higher numbers, towards the red end of the colour spectrum, 
indicate a higher quality. 
 
Predictably, the models of Rec/LG and Rec/EX were very similar to the crystal 
structure of ANC4, which was used by SWISS MODEL as the template for the 
models. Despite ANC4 having a moderate KM
(NAD) much lower than either Rec/LG 
or Rec/Rec/EX (1.0 for ANC4, 3.6 for Rec/LG, and 6.5 for Rec/EX), there was no 
obvious differences between the NAD binding sites of ANC4 and the models. 
Figure 6 shows the close similarities between the NAD binding sites of Rec/LG, 
Rec/EX, and ANC4. All the residues that appear to interact with NAD are identical 
in Rec/LG and Rec/EX, with only a single difference between these and ANC4. 
The position of Leu259 in ANC4 is instead occupied by Ile258 in the models of 
Rec/LG and Rec/EX. This change slightly alters the geometry of the binding site, 
but not to a degree that would explain the huge differences in KM
(NAD) between the 
enzymes. Without the true crystal structures of Rec/LG and Rec/EX, it is impossible 
to tell whether this high similarity is an artefact of the modelling process. It could 





Figure 6: The near identical NAD binding sites of A: Rec/LG. B: Rec/EX. C: ANC4. The only residue not 
conserved between all three is circled in red. Position of NADH adapted from Graczer et al. 2011. Structure of 
ANC4 adapted from Hobbs et al. 2011. Note that the glutamic acid on the far right in A and B is also present 
in C, but it has not been properly represented in the crystal structure. 
 
The rest of the enzymes’ active sites are similarly conserved, illustrated by figure 
6. Despite ANC4 having a Kcat double that of Rec/EX, and more than double that 
of Rec/LG, the active sites are very similar. Aside from the single substitution 
mentioned above, there are only slight differences in the position of residues within 
the binding site, the largest of which is Tyr140. Figure 7 illustrates both the high 
degree of similarity and slight differences between active sites.  
 
Figure 7: The active sites of Rec/LG (pink Carbons), Rec/EX (green Carbons), and ANC4 (blue Carbons) 
overlapping and shown as lines. Position of NADH (green Carbons) adapted from Graczer et al. 2011. Position 
of IPM (yellow Carbons) adapted from Imada et al. 1997. Structure of ANC4 adapted from Hobbs et al. 2011. 
Overall, the models of Rec/LG and Rec/EX did not offer significant insight into the 
structural basis of their impressive kinetic properties. This could be due to the 
modelling method used overestimating the similarity between Rec/LG, Rec/EX, 
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and ANC4. However, the links between structure and function in proteins have not 
been completely solved. It is possible that the models of Rec/LG and Rec/EX are 
accurate representations of their true structure, and that their kinetic properties are 






Genetics of the Evolution Experiment 
3.1 Introduction 
The primary purpose of this thesis was to analyse the evolution of 9 cultures of 
B. subtilis, with a focus on any changes that might have occurred to the leuB gene 
or regulatory regions. Of further interest were any potential differences between 
how the contemporary W168 leuB changed, and how the ancestral Rec/LG and 
Rec/EX leuB changed. To perform this analysis, genomic DNA extraction was 
attempted from a total of 30 samples of B. subtilis. Three of these were the parent 
strains, each of which was used in triplicate to create the 9 cultures. The remaining 
27 stocks were the 9 cultures at 3 time points of evolution: Generation 54, 
generation 199, and generation 298. High quality, whole genomic DNA extraction 
and PCR amplification of just the leuB gene were both attempted. 
 
3.2 Methods and Method Development 
3.2.1 Genomic DNA Extraction 
Dr. Andrews started the work of optimising genomic DNA extraction from the 30 
B. subtilis samples. She developed a method in collaboration with Dr. Ray Cursons 
of the Molecular Genetics lab at the University of Waikato. This method started 
with resuspending sample cells in 100 µL of TE buffer (10 mM Tris and 1 mM 
EDTA, pH 8) in a 1.5 mL centrifuge tube. To this, 10 µL of 100 mg/mL lysozyme 
was added. The solution was incubated at 37 °C for 30 minutes in a thermomixer at 
750 rpm. After incubation, 350 µL of lysis solution (100 mM Tris pH 8, 40 mM 
EDTA, 2 mM SDS, 10 mM NaCl) was added and the solution was mixed by 
inverting. To this, 10 µL of 60 mg/mL proteinase K was added, and the solution 
was incubated at 65 °C for 30 minutes in a thermomixer at 750 rpm. Next, 350 µL 
of 5 M LiCl2 was added. The solution was mixed via shaking. To this, 80 µL of 270 
mM cetrimonium bromide (CTAB) was added, and the solution was incubated at 
65 °C for 30 minutes in a thermomixer at 750 rpm. Around 550 µL of chloroform 




at 15,700 rcf for 10 minutes at room temperature. The aqueous phase was 
transferred to a new tube. An equal volume of IPA was added to the solution, which 
was then incubated at -20 °C for 15 minutes. The solution was then centrifuged at 
15,700 rcf for 15 minutes at room temperature. The supernatant was removed and 
discarded, and the pellet was washed with 1 mL of 70 % ethanol. The solution was 
centrifuged at 15,700 rcf for 5 minutes at room temperature. The supernatant was 
removed, and the pellet was allowed to air dry. After drying, the pellet was 
resuspended in 50 µL TE. 
 
Despite extensive attempts at optimising, the developed method was insufficient for 
extracting enough DNA of high enough quality for whole genome sequencing. The 
primary problem was the presence of degraded DNA and / or RNA contamination. 
Attempts to remedy this caused overall yields to plummet to unusable levels. Due 
to going on maternity leave, Dr. Emma Andrews was unable to continue with the 
work, which was picked up by the author. 
 
Further attempts were made to optimise yield, purity, and minimise DNA 
degradation. Partial success was found with a method similar to the original, but 
including addition purification steps. After proteinase K incubation, 50 µL of 5 M 
NaC2H3O2 was added to the solution. To this, about 500 µL of phenol chloroform 
was added. The solution was mixed by shaking for 15 seconds, then centrifuged at 
15,700 rcf for 10 minutes at room temperature. The aqueous phase was transferred 
to a new tube, to which 50 µL of 5 M NaCl2 was added. About 500 µL of chloroform 
was added, and hereon the method is the same as the one outlined above. As a proof 
of concept, 10 µL of 20 mg/mL RNAse A was added to the samples obtained 
through this method in an attempt to clear up RNA contamination.  
 
The method which yielded the best results (defined by a combination of yield, purity, 
and minimal DNA degradation) started with resuspending sample cells in 100 µL 
of TE buffer in a 1.5 mL centrifuge tube. To this, 10 µL of 100 mg/mL lysozyme 
was added. The solution was incubated at 37 °C for 30 minutes in a thermomixer at 
750 rpm. After incubation, 350 µL of lysis solution (100 mM Tris pH 8, 40 mM 
EDTA, 2 mM SDS, 10 mM NaCl) was added and the solution was mixed by 




was incubated at 65 °C for 30 minutes in a thermomixer at 750 rpm. Next, 350 µL 
of 5 M LiCl2 was added. The solution was mixed via shaking. To this, 80 µL of 270 
mM CTAB was added, and the solution was incubated at 65 °C for 30 minutes in a 
thermomixer at 750 rpm. About 550 µL of chloroform was added. The solution was 
mixed by shaking for 20 seconds and then centrifuged at 15,700 rcf for 10 minutes 
at room temperature. The aqueous phase was transferred to a new tube. To this, 20 
µL of 20 mg/mL RNAse A was added. The solution was incubated at 37 °C for 30 
minutes. About 550 µL of chloroform was added. The solution was mixed by 
shaking for 20 seconds and then centrifuged at 15,700 rcf for 10 minutes at room 
temperature. The aqueous phase was transferred to a new tube. An equal volume of 
IPA was added to the solution, which was incubated at -20 °C for 60 minutes. The 
solution was then centrifuged at 15,700 rcf for 15 minutes at room temperature. The 
supernatant was removed and discarded, and the pellet was washed with 1 mL of 
70% ethanol. The solution was centrifuged at 15,700 rcf for 5 minutes at room 
temperature. The supernatant was removed, and the pellet was allowed to air dry. 
After drying, the pellet was resuspended in 50 µL TE. 
 
3.2.2 PCR Amplification of the LeuB Gene 
The initial method used to perform PCR on the evolved samples was previously 
developed by Dr. Andrews. The master mix used consisted of 1.5 µL 10x Pfx buffer 
(Thermo Fisher Scientific), 10 mM dNTPs, 50 mM MgSO4, 1.5 µL of forward and 
reverse primers, 0.25 µL of Platinum Pfx (Thermo Fisher Scientific), and 7.5 µL of 
ultrapure water for each reaction. To obtain the template for the reaction, cell 
scrapings were resuspended in 20 µL of TE. The resuspended cells were incubated 
at 95 °C for 10 minutes and then briefly spun down in a PCR tube minispin. To 
each reaction, 2 µL of the solution was added. The PCR reaction started with a 2 
min incubation at 95 °C. It then went through 30 cycles of the following: 95 °C for 
15 seconds; 55 °C for 30 seconds; 68 °C for 45 seconds. Finally, the reaction was 
left at 68 °C for 5 minutes. This method is hereafter referred to as Pfx-culture. 
 
When the above method was developed, the primers used were 10 base pairs 
upstream and downstream of the leuB gene. However, the primers originally used 




of the leuB gene, so that the poor quality reads common at the start and end of 
sequencing would not affect data for the gene. Unfortunately, an error was made in 
ordering the primers that caused them to be non-functional. Even after remedying 
this error, the PCR reaction conditions outlined above did not work with the new 
set of primers. Even using the original set of primers positioned at the beginning 
and end of leuB, using the original reaction conditions only worked on some of the 
evolved samples. Any successful PCR products were kept, and multiple different 
methods and slight variations on said methods were tried to get products from as 
many of the 30 samples as possible, as detailed below. 
 
The second successful method (Pfx-glycerol) was the same as the original, except 
substituting 5 µL of the glycerol stock of the sample for the cell scrapings used in 
the first step. A third (HF-glycerol) was a HOT FIREPol (Solis BioDyne, Tartu, 
Estonia) based reaction. The master mix for this reaction was made up of 5 µL 10x 
B1 buffer (Solis BioDyne), 4 µL 25 mM MgCl2, 1.25 µL 10 mM dNTPs, 36.5 µL 
ultrapure water, 1.5 µL of 10 µM forward and reverse primers, and 0.25 µL of HOT 
FIREPol for each reaction. To supply the template, 2 µL of glycerol stock was 
added directly to the master mix. The PCR reaction started with a 15 min incubation 
at 95 °C. It then went through 10 cycles of the following: 95 °C for 20 seconds; 
67 °C for 20 seconds, dropping by 1 °C each cycle; 72 °C for 20 seconds. After 
those 10 cycles, it went through 30 cycles of the following: 95 °C for 20 seconds; 
57 °C for 20 seconds; 72 °C for 20 seconds. Finally, the reaction was left at 68 °C 
for 5 minutes. 
 
The PCR products produced by these methods were cleaned up using the High Pure 
PCR Product Purification Kit Version 16 (Roche Applied Science, Penzberg, 
Germany) according to the manufacturer’s instructions. 
 
3.2.3 DNA Quality 
The yield and purity of genomic DNA and PCR products was measured using a 
NanoDrop 2000 (Thermo Fisher Scientific). Presence or absence of PCR products 
and / or degraded DNA were observed via gel electrophoresis using 1% agarose 




All such gels were run alongside a 1 Kb Plus ladder (Invitrogen) and imaged using 
an Omega LumTM G Imaging System (Aplegen, San Francisco, CA, USA). 
 
3.3 Results 
3.3.1 Genomic DNA Extraction 
Initial DNA extraction attempts resulted in both excessive degradation of DNA, and 
possible RNA contamination. 260/280 nm ratios of 2.0 – 2.1, like those shown in 
table 1, are indicative of RNA. Pure DNA has a 260/280 nm ratio of 1.8. However, 
these values are by no means absolute. Given that no visible bands of RNA could 
be seen in agarose gels (such as the one shown in figure 8), it is uncertain whether 
RNA contamination was a significant issue. 
 
Table 1: One example of yield and purity of genomic DNA extracted from the parents of W168, Rec/Rec/LG, 
and Rec/EX using the original method. 
Sample DNA Concentration (ng/µL) 260/280 260/230 
W168 Parent 446.4 2.12 2.22 
Rec/LG Parent 811.5 2.04 2.25 
Rec/EX parent 441.9 2.04 1.86 
 
 






The phenol chloroform based method had major problems with 260/230 
contamination. The addition of RNAse A significantly improved the smearing 
visible on the agarose gels, as illustrated by figure 9. Predictably, the addition of 
RNAse A to a completed DNA extraction pushed the 260/280 ratios to unacceptable 
levels, shown in table 2 alongside the 260/230 issues. These issues with purity made 
the samples unsuitable for whole genome sequencing. 
 
Table 2: Yield and purity of genomic DNA extracted from Gen54 W168 samples, using the phenol chloroform 
based method. 
Sample DNA Concentration (ng/µL) 260/280 260/230 
54 W168 A 342.9 1.40 0.92 
54 W168 B 145.3 0.96 0.20 
54 W168 C 161.2 0.87 0.14 
 
 
Figure 9: 1% agarose gel of genomic DNA extracted from Gen54 W168 samples, using the phenol chloroform 
based method. 
 
The optimised genomic DNA extraction method produced DNA of sufficient 
quality for whole genome sequencing. It was used to extract DNA from the W168, 
Rec/LG, and Rec/EX parents. Table 3 shows that the 260/280 nm ratios are more 
in line with what is expected from pure DNA, while figure 10 shows the marked 





Table 3: Yield and purity of genomic DNA extracted from the parents of W168, Rec/LG, and Rec/EX using 
the optimised method. 
Sample DNA Concentration (ng/µL) 260/280 260/230 
W168 Parent 162.8 1.93 1.99 
Rec/LG Parent 506.8 1.88 1.95 
Rec/EX parent 1116.0 1.89 2.16 
 
 
Figure 10: 1% agarose gel of genomic DNA extracted from the parents of W168, Rec/LG, and Rec/Rec/EX 
using the optimised method. 
Unfortunately, these results could not be reproduced with any of the evolved 
samples, nor could it be replicated with the parent samples. These samples were 
also themselves discarded because at the time it was believed they were of 
insufficient quality for whole genome sequencing.  
 
3.3.2 PCR Amplification of the LeuB Gene 
The Pfx-culture PCR method was able to successfully amplify the LeuB gene from 
5 of the 30 samples. These were the W168 and Rec/LG parents, as well as Gen54 
W168 A, Rec/LG B, and Rec/LG C. The Pfx-glycerol method was used to 
successfully amplify 4 samples, these being the Rec/EX parent, as well as Gen54 
W168 B, W168 C, and Rec/LG A. The HF-glycerol method successfully amplified 
5 samples, these being the Gen199 W168 A, W168 B, W168 C, Rec/LG A, and 





Unfortunately, after clean-up of the PCR products, there was insufficient yield for 
sequencing in all but the parent samples. 
 
3.3.3 Heterogeneity of Evolved Samples 
Throughout the PCR amplification experiments, it became apparent that there was 
a substantial difference between evolved samples. Methods that were successful for 
some samples would produce insufficient or no results for others. Furthermore, 
samples from the later generations of the evolution experiment were more difficult 
to amplify the LeuB gene from than those from earlier generations. For example, 
PCR was never successful on any sample from Gen298, regardless of the method 
used. This heterogeneity became the basis for a series of morphological 
experiments. The intention of these experiments was to link difficulties in PCR 





Morphology of Evolved Bacillus subtilis 
4.1 Introduction 
Over the course of the genetics experiments, it became clear that there were 
substantial phenotypic differences between evolved samples. PCR methods that 
worked well for some samples would barely work, or not work at all, for others. 
Furthermore, some of the evolved samples of B. subtilis took on a very different 
colony morphology when growing on agar plates. Based on these observations, a 
series of experiments were devised and carried out to better understand the 
heterogeneity that had cropped up amongst the evolved samples and compare this 
with the experienced difficulties in PCR amplification. 
 
4.2 Methods 
4.2.1 Plate Growth 
All plates used in the morphology experiments were LB agar, made up in water 
with 1% w/v Bacto Peptone, 0.5% w/v yeast extract, 1% w/v NaCl, and 1.5% w/v 
Bacto Agar. Glycerol stocks of evolved samples were streaked out onto plates and 
incubated at 37 °C overnight. Some agar plates were instead left to grow for 48 hrs 
in order to observe colony growth over a longer time period. 
 
4.2.2 Endospore Staining 
Cultures were smeared onto microscope slides using water, then dried and fixed 
with a Bunsen burner. Small sections of tissue paper were used to cover the smears, 
to aid retention of the malachite green stain and prevent spillage. Smears were 
flooded with a 5% w/v aqueous solution of malachite green and heated with a 
Bunsen burner to the point of light steaming for 60 seconds. Extra malachite green 
solution was added as necessary to stop the smear from drying out. Excess 
malachite green was then washed off, and the smear was counterstained with a 0.5% 
w/v aqueous solution of safranin for 30 seconds. The safranin was washed off and 






4.3.1 Colony Morphology 
The evolved samples can be clearly split into two groups based on colony 
morphology when grown on agar plates. Some displayed the wildtype morphotype 
of large colonies with fimbriated edges, which comfortably fits descriptions of B. 
subtilis colony growth in the literature. Maughan & Nicholson in 2011 define this 
as the large colony morphotype (LCM), which is the term that will be used in this 
thesis for the wildtype henceforth. Others developed a new colony morphotype 
(NCM). Figures 11-13 show the progressive adoption of this new morphotype over 
the generations of the evolution experiment.  
 
 
Figure 11: Evolved samples from generation 54 grown on agar plates, illustrating differences in colony 
morphotype. 
 
The NCM had already begun to appear by generation 54, the earliest generation for 




A. The NCM is defined by its poor growth on the LB agar. After 24 hrs, it appears 
as an amorphous smear around the areas where the glycerol stock was initially 
streaked, in contrast to the distinct, feathered colonies of the LCV. Some distinct 
colonies can form at this point for NCM samples, but they are small enough to be 






By generation 199, the NCM had appeared in 4 of the 9 strains. 
 
Figure 12: Evolved samples from generation 199 grown on agar plates, illustrating 





Figure 13: Evolved samples from generation 298 grown on agar plates, all displaying the NCM. 
 
By generation 298, all strains had adopted the NCM. 
 
4.3.2 Growth of the New Morphotype 
Samples possessing the NCM grew poorly on LB agar plates compared to those 
with the wild type morphotype. Figure 14 shows the growth of generation 298 
W168 samples, which possess the NCM, after 24 hrs. The bacteria are visible as a 
faint, amorphous smear. Distinct colonies can be very faintly seen in 298 W168 C. 
 
 





Figure 15 shows the growth of the generation 298 W168 samples after 48 hrs. The 
bacteria become much more visible, and distinct colonies become far more apparent. 
These colonies are far smaller than those formed by the samples with the LCM. The 
edges of these colonies are also regular, in contrast to the feathery, fimbriated edges 
of the LCM . 
 
 
Figure 15: W168 samples from generation 298 after 48 hrs of growth on agar plates. 
 
4.3.3 Sporulation and Cell Morphology 
After growing overnight on LB agar, all samples which possessed the LCM had 
begun sporulation. Those samples which had adopted the NCM either did not 
sporulate or had far fewer spores under the same conditions. Figures 16-18 show 
the degree of sporulation in the different samples. Spores, where present, are visible 






Figure 16: Cells from generation 54 after endospore staining. 
 
A moderate amount of sporulation is common in samples from generation 54. The 
exception to this is Rec/EX A, which appears to have no spores whatsoever. Of the 
generation 54 samples, Rec/EX A is the only one with the NCM. Rec/EX A also 






Figure 17: Cells from generation 199 after endospore staining.  
 
By generation 199, sporulation has become less common. Only W168 A, W168 C, 
and Rec/EX C unambiguously show spores or spore formation. Rec/LG A, Rec/LG 
C, and Rec/EX B have all adopted the purple colouration and smaller cell size that 
was already exhibited by Rec/EX A in generation 54. This cellular phenotype 






Figure 18: Cells from generation 298 after endospore staining.  
 
Only Rec/EX B and Rec/EX C unambiguously show spores among the generation 
298 samples. W168 B, Rec/LG A, Rec/LG B, Rec/LG C, and Rec/EX A show dark 
spots that could be the early stages of sporulation, but this is unclear. By generation 
298, all samples have adopted the smaller cell phenotype. Despite all samples 
displaying the NCM, not all have the same purple tint shown in earlier generations. 
W168 A, W168 B, W168 C, and Rec/LG B, seem to have retained the red 
colouration typical of LCM samples. 
 
The NCM first appeared in slightly over 50 generations, and swept to fixation in 9 
independent populations within 300 generations. All 9 strains of the NCM share the 
traits of slow growth on LB agar plates, small colonies lacking a fimbriated edge, 
and small cells. The colony shape and size of the NCM are similar to the SCV 





Discussion and Future Research 
 
5.1 Structure of Rec/LG and Rec/EX 
The crystal structures of neither Rec/LG nor Rec/EX were solved over the duration 
of this project. However, both proteins were successfully crystallised several times, 
providing a solid basis for further optimisation. The obvious direction to take this 
research in the future is to continue trying to obtain crystals of Rec/LG and Rec/EX 
that are large enough to use in X-Ray diffraction. The crystallisation conditions 
used to grow the crystals in Figure 4 (see appendix) are good starting points for 
further optimisation. Techniques such as crystal seeding could be used to try and 
increase the size of the crystals. 
 
SWISS-Model was used to generate a model of the structures of Rec/LG and 
Rec/EX. The crystal structure of ANC4 was used as the template for these models 
due to the high sequence similarity between it, Rec/LG, and Rec/EX. The 3D 
structure of these models was almost identical to that of ANC4, and the active sites 
in particular were extremely well conserved as expected from the high level of 
conservation in this region amongst LeuB enzymes. Indeed, the distantly related T. 
thermophilus shares most of its active site residues with the three resurrected LeuB 
ancestors. However, the almost identical positioning of the residues may be an 
artefact of the modelling method. 
 
The models of Rec/LG and Rec/EX did not offer any significant insight into the 
structural basis of the kinetic differences between Rec/LG, Rec/EX, and ANC4. 
The most evident disconnect between structure and kinetics is the high KM
(NAD) for 
Rec/EX, and to a lesser extent Rec/LG. The NAD binding sites of these enzymes is 
only different from ANC4 by a single amino acid – isoleucine in Rec/LG and 
Rec/EX instead of leucine in ANC1. While possible, it seems unlikely that this 
miniscule change could explain the almost four-fold increase in KM
(NAD) between 
ANC4 and Rec/LG, nor the more than six-fold increase between ANC4 and Rec/EX. 
LeuB does take on significantly different conformations when binding both NAD 




and so the models of Rec/LG and Rec/EX, are in the open conformation typical of 
LeuB not bound to any ligands. It is possible that the structural features behind the 
large difference between KM
(NAD) in these enzymes are only present in different 
conformations. But again, it is possible that the modelling method used simply 
overestimated the similarity between Rec/LG, Rec/EX, and ANC1. 
 
Without the experimentally determined crystal structures of Rec/LG and Rec/EX, 
it is impossible to know exactly how accurate the model structures are. However, 
the QMEAN and GMQE scores assigned to the models suggest that they are reliable. 
Any further research into the structural basis of the kinetic properties of Rec/LG 
and Rec/EX will require a structure generated from empirical data rather than a 
statistical model. 
 
5.2 Genetics of Evolved Samples 
 
5.2.1 Whole Genome DNA Extraction 
Whole genome sequencing of the 3 parent and 27 evolved samples is essential for 
uncovering the genetic changes that occurred during the course of the experiment 
and to suggest reasons for their new phenotypes. Next generation sequencing 
techniques used in modern genome sequencing are dependent on having a good 
amount of high quality DNA to work with (Doyle 2015). The requirement of 
extracting DNA with high yields, low contamination, and minimal DNA 
degradation from the 30 samples of this project proved a significant challenge. 
Methods that produced clean, intact DNA had low yields. Methods that produced 
sufficient yields suffered either from high contamination, highly degraded DNA, or 
both. 
 
Although the optimised method of genomic DNA extraction outlined in Chapter 3 
was able to produce DNA of sufficient yield and quality for whole genome 
sequencing, it could not be replicated. The addition of RNAse A to a completed 
DNA extraction resulted in extremely clean bands of high molecular weight 
genomic DNA with high yield. It suffered heavily from contamination of both 




extraction method which used chloroform instead of phenol chloroform would 
remove the issue of phenol contamination, and a wide variety of methods and kits 
are capable of removing proteins from a solution. 
 
Brown et al. in 2011 extracted DNA from one of the SCV strains of the 6,000 
generation B. subtilis evolution experiment for use in whole genome sequencing. 
Since the evolved samples of this project were grown in a similar spore repressing 
medium and appear to be somewhat similar to the SCV strains, the methods used 
by Brown et al. could work for the evolved samples of this project. 
 
5.2.2 PCR Amplification of leuB 
PCR amplification of the leuB gene was attempted once it became apparent that 
extraction of high quality whole genome DNA might not happen within the 
timeframe of this project. The hope for the evolution experiment was, and still is, 
that the ancestral leuB genes of the Rec/LG and Rec/EX strains would mutate in 
some significant way over the course of the experiment towards the contemporary 
version. PCR was considered as a way to quickly get a snapshot of the leuB gene to 
see if any such mutation had occurred in any of the 9 strains. Unfortunately, the 
PCR experiments ran into problems of their own. Initial attempts at PCR were 
unsuccessful due to faulty primers. Once the fault with these primers was fixed, 
they would work on control samples but bizarrely not with any of the parent or 
evolved samples of the evolution experiment. Between these two issues, a lot of 
time was lost before any PCR products were successfully generated. 
 
The first successes with amplifying leuB came from using a second set of primers 
that sat closer to the start and end of the gene, which had been successful during Dr. 
Andrews’ initial pilot attempts at amplifying leuB. These primers were avoided at 
first for this project due to concerns that the start and end of the gene sequences 
would be unreliable, and so valuable information could be lost. Even with the 
alternative primers, amplifying leuB from the 30 samples was an unreliable process. 
Many more small variations or different methods were tried than the at least 
partially successful ones outlined in this thesis. Any given method would either not 




indication of a trend amongst which samples were working and which ones weren’t 
came with the HF-glycerol method. Used on all samples of generation 199, it only 
worked on the 5 that were later classified to have the LCM. The 4 samples with the 
NCM didn’t amplify at all. Furthermore, the HF-glycerol method didn’t work for 
any of the 9 samples of generation 298, all of which have the NCM. It is unknown 
why NCM strains are difficult to perform PCR on. The NCM shares some 
similarities with the SCV that developed during the 6,000 generation evolution 
experiment, but none of the studies dealing with the SCV strains have expressed 
difficulties in working with them. It is possible that any such difficulties were 
simply not reported, or that the apparent resistance to PCR is unique to the NCM. 
 
Future efforts to uncover the genetics of this evolution experiment should focus of 
whole genome sequencing, which will provide far more information. 
 
5.3 Morphology of Evolved Bacillus subtilis 
 
5.3.1 Phenotypic Differences Between Samples 
The poor growth of evolved samples of B. subtilis on agar plates was first recorded 
by Dr. Andrews at the conclusion of the evolution experiment. Due to the focus of 
the experiment at this time on the genetics of the samples, rather than their 
phenotype, this poor growth was noted but not fully characterised. It was not until 
the failure of the HF-glycerol PCR method correlated with this poor growth that 
efforts were made to characterise the physical changes that the evolved samples had 
undergone. 
 
The NCM was initially characterised as an amorphous smear with poor growth, in 
contrast to the large and distinct colonies formed by samples with the LCM. LB 
agar is a nutrient rich medium, and should be an ideal environment for B. subtilis 
to grow on. The poor growth of the NCM samples on this medium indicates that 
they have evolved to become niche specialists which have adapted for rapid growth 
in the spore repressing medium used for the evolution experiment. Despite the 
initial observations that NCM samples did not form distinct colonies on agar plates, 




by the NCM samples were much smaller than those formed by samples with the 
LCM. 
 
It was not only the colony morphology of the samples that changed during the 
evolution experiment. The endospore staining experiment revealed several 
differences in cell morphology that correlate exactly with presence of the NCM. 
The first is greatly reduced or lack of sporulation after growing on agar plates for 
24 hrs. This is likely due to the poor growth of NCM samples on agar plates 
preventing them from reaching a nutrient limiting point after 24 hrs, rather than any 
actual change in the cells’ ability to sporulate. Supporting this is the evidence of 
slight sporulation in some of the NCM samples. Cells of the NCM samples are also 
noticeably smaller than their LCM counterparts. Though not common to all strains, 
some NCM samples have taken on a rather more purple colouration in response to 
the endospore staining process. This purple colouration might imply changes to the 
cell membrane which caused the counterstain safranin to bind differently. Such 
changes to the membrane could also help to explain the difficulties with performing 
PCR on the evolved samples, although this is complete speculation. 
 
5.3.2 Comparing NCM to SCV 
In 2011, Maughan & Nicholson reported on one of the many findings from their 
6,000 generation B. subtilis evolution experiment. This paper detailed the 
emergence of a new colony morphotype in several strains which they called the 
Small Colony Variant (SCV). The SCV became fixed in four out of five strains that 
were grown in sporulation repressing medium. When allowed to grow for 48 hrs 
and reach a point where distinct colonies start forming, NCM samples look similar 
to Maughan & Nicholson’s SCV. 
 
Interestingly, the SCV took much longer to appear than the NCM. The earliest onset 
of the SCV occurred around generation 1,330, while the latest it appeared was in 
generation 4,214 (appearing for a second time after being lost earlier in that strain’s 
evolution). In one of the five spore repressing strains, the SCV never appeared. This 
is in stark contrast to the development of the NCM. First appearing by generation 




The NCM evolved much faster in this experiment than the SCV did in the 6,000 
generation evolution experiment. It is possible that this is due to differences in the 
evolution media used. While the 6,000 generation experiment used a complete 
media, the media used for this experiment lacked almost all amino acids. The need 
to synthesize amino acids may have placed a greater selective pressure on the 
evolving strains, leading to the much faster adoption of a new phenotype. 
 
Despite their similar colony morphologies, NCM and SCV are not identical. 
Maughan & Nicholson reported that two of their four SCV strains had adopted a 
long, filamentous cell morphology compared to the usual rod shape of B. subtilis. 
Not only do none of the NCM samples show this filamentous phenotype, but none 
of the SCV samples show the small cell phenotype that is present in all the NCM 
samples (Maughan & Nicholson 2011). It is unsurprising that the strains of this 
experiment did not adopt the same phenotypes as those of the 6,000 generation 
experiment. After all, evolution is fundamentally random, and unless a phenotype 
is very advantageous to survival in the type of media used for the evolution 
experiments, there is no reason to think it would be independently adopted by many 
different strains. However, considering this it is interesting to note that the samples 
of this experiment took on a very similar colony morphology to the SCV. This 
supports the hypothesis of Maughan & Nicholson that the small colony phenotype, 
or a correlated phenotype, offers a higher fitness in spore repressing media. 
 
Brown et al. in 2011 analysed the genomes of different SCV strains. Genomic 
erosion was common, including degradation of genes involved in sporulation, 
antibiotic resistance, DNA repair, and some biosynthetic pathways. None of the 
observed genetic mutations could be tied to the small colony phenotype. 
 
It is also interesting that 9 independent strains all adopted the same colony and cell 
phenotypes over such a short period of evolutionary time. It took less than 300 
generations for the NCM to completely replace the LCM in all 9 strains: This is an 
incredibly fast and consistent evolutionary change, likely driven by strong selection 
pressures for amino acid synthesis. The SCV not only took much longer, but it was 
also much less consistent. Only 4 of the 5 strains adopted it, and among those 4 




strains in our experiment are almost identical, with the only noticeable difference 
being the degree of purple colouration when subjected to endospore staining with 
malachite green and safranin. 
 
5.4 Conclusions 
Despite several avenues of this project being unsuccessful, some progress has been 
made. Rec/LG and Rec/EX were both successfully crystallised, and the phenotypes 
of the evolved samples have been partially characterised. The most significant 
finding of this project is the extremely rapid emergence of the NCM in all 9 strains, 
and the similarity of the small colony morphology to the SCV described by 
Maughan & Nicholson in 2011. Future research should focus on solving the crystal 
structures of Rec/LG and Rec/EX, fully characterising the NCM phenotype, and 
sequencing the genomes of all evolved and parent samples in order to better 
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100 mM KH2PO4 
3 mM Sodium Citrate 
0.3 mM MgSO4 
0.125% Glucose 
0.1% Monopotassium L-Glutamate 
2.2 g/L Ammonium Iron III Citrate (Ferric) 






The following is a complete record of all crystallisation conditions used in fine screens for both Rec/LG and Rec/EX. 
Rec/LG (9 mg/mL): Citric acid pH 3.5 + PEG 200 
0.05 M Citric acid pH 3.5 
26 % Polyethylene glycol 
200 
0.05 M Citric acid pH 3.5 
30 % Polyethylene glycol 
200 
0.05 M Citric acid pH 3.5 
34 % Polyethylene glycol 
200 
0.05 M Citric acid pH 3.5 
38 % Polyethylene glycol 
200 
0.05 M Citric acid pH 3.5 
42 % Polyethylene glycol 
200 
0.05 M Citric acid pH 3.5 
46 % Polyethylene glycol 
200 
0.10 M Citric acid pH 3.5 
26 % Polyethylene glycol 
200 
0.10 M Citric acid pH 3.5 
30 % Polyethylene glycol 
200 
0.10 M Citric acid pH 3.5 
34 % Polyethylene glycol 
200 
0.10 M Citric acid pH 3.5 
38 % Polyethylene glycol 
200 
0.10 M Citric acid pH 3.5 
42 % Polyethylene glycol 
200 
0.10 M Citric acid pH 3.5 
46 % Polyethylene glycol 
200 
0.15 M Citric acid pH 3.5 
26 % Polyethylene glycol 
200 
0.15 M Citric acid pH 3.5 
30 % Polyethylene glycol 
200 
0.15 M Citric acid pH 3.5 
34 % Polyethylene glycol 
200 
0.15 M Citric acid pH 3.5 
38 % Polyethylene glycol 
200 
0.15 M Citric acid pH 3.5 
42 % Polyethylene glycol 
200 
0.15 M Citric acid pH 3.5 
46 % Polyethylene glycol 
200 
0.20 M Citric acid pH 3.5 
26 % Polyethylene glycol 
200 
0.20 M Citric acid pH 3.5 
30 % Polyethylene glycol 
200 
0.20 M Citric acid pH 3.5 
34 % Polyethylene glycol 
200 
0.20 M Citric acid pH 3.5 
38 % Polyethylene glycol 
200 
0.20 M Citric acid pH 3.5 
42 % Polyethylene glycol 
200 
0.20 M Citric acid pH 3.5 
46 % Polyethylene glycol 
200 
 
Rec/LG (9 mg/mL): Ammonium phosphate dibasic + tris 
2.0 M Ammonium 
phosphate dibasic 
0.05 M Tris pH 8.5 
2.2 M Ammonium 
phosphate dibasic 
0.05 M Tris pH 8.5 
2.4 M Ammonium 
phosphate dibasic 
0.05 M Tris pH 8.5 
2.6 M Ammonium 
phosphate dibasic 
0.05 M Tris pH 8.5 
2.8 M Ammonium 
phosphate dibasic 
0.05 M Tris pH 8.5 
3.0 M Ammonium 
phosphate dibasic 
0.05 M Tris pH 8.5 
2.0 M Ammonium 
phosphate dibasic 
0.10 M Tris pH 8.5 
2.2 M Ammonium 
phosphate dibasic 
0.10 M Tris pH 8.5 
2.4 M Ammonium 
phosphate dibasic 
0.10 M Tris pH 8.5 
2.6 M Ammonium 
phosphate dibasic 
0.10 M Tris pH 8.5 
2.8 M Ammonium 
phosphate dibasic 
0.10 M Tris pH 8.5 
3.0 M Ammonium 
phosphate dibasic 
0.10 M Tris pH 8.5 
2.0 M Ammonium 
phosphate dibasic 
0.15 M Tris pH 8.5 
2.2 M Ammonium 
phosphate dibasic 
0.15 M Tris pH 8.5 
2.4 M Ammonium 
phosphate dibasic 
0.15 M Tris pH 8.5 
2.6 M Ammonium 
phosphate dibasic 
0.15 M Tris pH 8.5 
2.8 M Ammonium 
phosphate dibasic 
0.15 M Tris pH 8.5 
3.0 M Ammonium 
phosphate dibasic 




2.0 M Ammonium 
phosphate dibasic 
0.20 M Tris pH 8.5 
2.2 M Ammonium 
phosphate dibasic 
0.20 M Tris pH 8.5 
2.4 M Ammonium 
phosphate dibasic 
0.20 M Tris pH 8.5 
2.6 M Ammonium 
phosphate dibasic 
0.20 M Tris pH 8.5 
2.8 M Ammonium 
phosphate dibasic 
0.20 M Tris pH 8.5 
3.0 M Ammonium 
phosphate dibasic 
0.20 M Tris pH 8.5 
 
Rec/LG (68 mg/mL): Lithium sulfate + BIS-TRIS propane 
0.9 M Lithium sulphate 
monohydrate 
0.05 M BIS-TRIS propane pH 7 
1.1 M Lithium sulphate 
monohydrate 
0.05 M BIS-TRIS propane pH 7 
1.3 M Lithium sulphate 
monohydrate 
0.05 M BIS-TRIS propane pH 7 
1.5 M Lithium sulphate 
monohydrate 
0.05 M BIS-TRIS propane pH 7 
1.7 M Lithium sulphate 
monohydrate 
0.05 M BIS-TRIS propane pH 7 
1.9 M Lithium sulphate 
monohydrate 
0.05 M BIS-TRIS propane pH 7 
0.9 M Lithium sulphate 
monohydrate 
0.10 M BIS-TRIS propane pH 7 
1.1 M Lithium sulphate 
monohydrate 
0.10 M BIS-TRIS propane pH 7 
1.3 M Lithium sulphate 
monohydrate 
0.10 M BIS-TRIS propane pH 7 
1.5 M Lithium sulphate 
monohydrate 
0.10 M BIS-TRIS propane pH 7 
1.7 M Lithium sulphate 
monohydrate 
0.10 M BIS-TRIS propane pH 7 
1.9 M Lithium sulphate 
monohydrate 
0.10 M BIS-TRIS propane pH 7 
0.9 M Lithium sulphate 
monohydrate 
0.15 M BIS-TRIS propane pH 7 
1.1 M Lithium sulphate 
monohydrate 
0.15 M BIS-TRIS propane pH 7 
1.3 M Lithium sulphate 
monohydrate 
0.15 M BIS-TRIS propane pH 7 
1.5 M Lithium sulphate 
monohydrate 
0.15 M BIS-TRIS propane pH 7 
1.7 M Lithium sulphate 
monohydrate 
0.15 M BIS-TRIS propane pH 7 
1.9 M Lithium sulphate 
monohydrate 
0.15 M BIS-TRIS propane pH 7 
0.9 M Lithium sulphate 
monohydrate 
0.20 M BIS-TRIS propane pH 7 
1.1 M Lithium sulphate 
monohydrate 
0.20 M BIS-TRIS propane pH 7 
1.3 M Lithium sulphate 
monohydrate 
0.20 M BIS-TRIS propane pH 7 
1.5 M Lithium sulphate 
monohydrate 
0.20 M BIS-TRIS propane pH 7 
1.7 M Lithium sulphate 
monohydrate 
0.20 M BIS-TRIS propane pH 7 
1.9 M Lithium sulphate 
monohydrate 
0.20 M BIS-TRIS propane pH 7 
 
Rec/LG (68 mg/mL): Nickel chloride + lithium sulfate + tris 
0.005 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.005 M Nickel Chloride 
0.8 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.005 M Nickel Chloride 
1.0 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.005 M Nickel Chloride 
1.2 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.005 M Nickel Chloride 
1.4 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.005 M Nickel Chloride 
1.6 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.010 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.010 M Nickel Chloride 
0.8 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.010 M Nickel Chloride 
1.0 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.010 M Nickel Chloride 
1.2 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.010 M Nickel Chloride 
1.4 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.010 M Nickel Chloride 
1.6 M Lithium Sulfate 




0.015 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.015 M Nickel Chloride 
0.8 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.015 M Nickel Chloride 
1.0 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.015 M Nickel Chloride 
1.2 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.015 M Nickel Chloride 
1.4 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.015 M Nickel Chloride 
1.6 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.020 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.020 M Nickel Chloride 
0.8 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.020 M Nickel Chloride 
1.0 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.020 M Nickel Chloride 
1.2 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.020 M Nickel Chloride 
1.4 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.020 M Nickel Chloride 
1.6 M Lithium Sulfate 
0.1 M Tris pH 8.5 
 
Rec/LG (68 mg/mL): Ammonium sulfate + glycerol + tris 
1.1 M Ammonium Sulfate 
8 % Glycerol 
0.1 M Tris pH 8.5 
1.3 M Ammonium Sulfate 
8 % Glycerol 
0.1 M Tris pH 8.5 
1.5 M Ammonium Sulfate 
8 % Glycerol 
0.1 M Tris pH 8.5 
1.7 M Ammonium Sulfate 
8 % Glycerol 
0.1 M Tris pH 8.5 
1.9 M Ammonium Sulfate 
8 % Glycerol 
0.1 M Tris pH 8.5 
2.1 M Ammonium Sulfate 
8 % Glycerol 
0.1 M Tris pH 8.5 
1.1 M Ammonium Sulfate 
10 % Glycerol 
0.1 M Tris pH 8.5 
1.3 M Ammonium Sulfate 
10 % Glycerol 
0.1 M Tris pH 8.5 
1.5 M Ammonium Sulfate 
10 % Glycerol 
0.1 M Tris pH 8.5 
1.7 M Ammonium Sulfate 
10 % Glycerol 
0.1 M Tris pH 8.5 
1.9 M Ammonium Sulfate 
10 % Glycerol 
0.1 M Tris pH 8.5 
2.1 M Ammonium Sulfate 
10 % Glycerol 
0.1 M Tris pH 8.5 
1.1 M Ammonium Sulfate 
12 % Glycerol 
0.1 M Tris pH 8.5 
1.3 M Ammonium Sulfate 
12 % Glycerol 
0.1 M Tris pH 8.5 
1.5 M Ammonium Sulfate 
12 % Glycerol 
0.1 M Tris pH 8.5 
1.7 M Ammonium Sulfate 
12 % Glycerol 
0.1 M Tris pH 8.5 
1.9 M Ammonium Sulfate 
12 % Glycerol 
0.1 M Tris pH 8.5 
2.1 M Ammonium Sulfate 
12 % Glycerol 
0.1 M Tris pH 8.5 
1.1 M Ammonium Sulfate 
14 % Glycerol 
0.1 M Tris pH 8.5 
1.3 M Ammonium Sulfate 
14 % Glycerol 
0.1 M Tris pH 8.5 
1.5 M Ammonium Sulfate 
14 % Glycerol 
0.1 M Tris pH 8.5 
1.7 M Ammonium Sulfate 
14 % Glycerol 
0.1 M Tris pH 8.5 
1.9 M Ammonium Sulfate 
14 % Glycerol 
0.1 M Tris pH 8.5 
2.1 M Ammonium Sulfate 
14 % Glycerol 
0.1 M Tris pH 8.5 
 
Rec/LG (68 mg/mL): Calcium chloride + 2-methyl-2,4-pentanediol + BIS-TRIS 




0.1 M BIS-TRIS pH 5.9 




0.1 M BIS-TRIS pH 6.1 




0.1 M BIS-TRIS pH 6.3 




0.1 M BIS-TRIS pH 6.5 




0.1 M BIS-TRIS pH 6.7 








0.015 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 8.1 
0.015 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 8.3 
0.015 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.015 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 8.7 
0.015 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 8.9 
0.015 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 9.1 
0.05 M BIS-TRIS Propane 
pH 8.5 
14 % Jeffamine pH 7 
0.05 M BIS-TRIS Propane 
pH 8.6 
14 % Jeffamine pH 7 
0.05 M BIS-TRIS Propane 
pH 8.8 
14 % Jeffamine pH 7 
0.05 M BIS-TRIS Propane 
pH 9.0 
14 % Jeffamine pH 7 
0.05 M BIS-TRIS Propane 
pH 9.2 
14 % Jeffamine pH 7 
0.05 M BIS-TRIS Propane 
pH 9.5 
14 % Jeffamine pH 7 
1.1 M Ammonium Sulfate 
8 % Glycerol 
0.1 M Tris pH 8.5 
1.1 M Ammonium Sulfate 
8 % Glycerol 
0.1 M Tris pH 8.5 
1.1 M Ammonium Sulfate 
8 % Glycerol 
0.1 M Tris pH 8.5 
1.1 M Ammonium Sulfate 
8 % Glycerol 
0.1 M Tris pH 8.5 
1.1 M Ammonium Sulfate 
8 % Glycerol 
0.1 M Tris pH 8.5 
1.1 M Ammonium Sulfate 
8 % Glycerol 
0.1 M Tris pH 8.5 
 
Rec/LG (50 mg/mL): Sodium chloride + sodium acetate + MPD 
0.10 M NaCl 
0.05 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.15 M NaCl 
0.05 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.20 M NaCl 
0.05 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.25 M NaCl 
0.05 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.30 M NaCl 
0.05 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.35 M NaCl 
0.05 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.10 M NaCl 
0.10 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.15 M NaCl 
0.10 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.20 M NaCl 
0.10 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.25 M NaCl 
0.10 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.30 M NaCl 
0.10 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.35 M NaCl 
0.10 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.10 M NaCl 
0.15 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.15 M NaCl 
0.15 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.20 M NaCl 
0.15 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.25 M NaCl 
0.15 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.30 M NaCl 
0.15 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.35 M NaCl 
0.15 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.10 M NaCl 
0.20 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.15 M NaCl 
0.20 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.20 M NaCl 
0.20 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.25 M NaCl 
0.20 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.30 M NaCl 
0.20 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.35 M NaCl 
0.20 M Sodium Acetate 
Trihydrate pH 4.8 






Rec/LG (46 mg/mL): Ammonium nitrate + tris 
4.5 M Ammonium Nitrate 
0.05 M Tris pH 8.5 
5.0 M Ammonium Nitrate 
0.05 M Tris pH 8.5 
5.5 M Ammonium Nitrate 
0.05 M Tris pH 8.5 
6.0 M Ammonium Nitrate 
0.05 M Tris pH 8.5 
6.5 M Ammonium Nitrate 
0.05 M Tris pH 8.5 
7.0 M Ammonium Nitrate 
0.05 M Tris pH 8.5 
4.5 M Ammonium Nitrate 
0.10 M Tris pH 8.5 
5.0 M Ammonium Nitrate 
0.10 M Tris pH 8.5 
5.5 M Ammonium Nitrate 
0.10 M Tris pH 8.5 
6.0 M Ammonium Nitrate 
0.10 M Tris pH 8.5 
6.5 M Ammonium Nitrate 
0.10 M Tris pH 8.5 
7.0 M Ammonium Nitrate 
0.10 M Tris pH 8.5 
4.5 M Ammonium Nitrate 
0.15 M Tris pH 8.5 
5.0 M Ammonium Nitrate 
0.15 M Tris pH 8.5 
5.5 M Ammonium Nitrate 
0.15 M Tris pH 8.5 
6.0 M Ammonium Nitrate 
0.15 M Tris pH 8.5 
6.5 M Ammonium Nitrate 
0.15 M Tris pH 8.5 
7.0 M Ammonium Nitrate 
0.15 M Tris pH 8.5 
4.5 M Ammonium Nitrate 
0.20 M Tris pH 8.5 
5.0 M Ammonium Nitrate 
0.20 M Tris pH 8.5 
5.5 M Ammonium Nitrate 
0.20 M Tris pH 8.5 
6.0 M Ammonium Nitrate 
0.20 M Tris pH 8.5 
6.5 M Ammonium Nitrate 
0.20 M Tris pH 8.5 
7.0 M Ammonium Nitrate 
0.20 M Tris pH 8.5 
 
Rec/LG (46 mg/mL): Sodium formate + BICINE 
0.10 M Sodium Formate 
0.05 M BICINE pH 8.5 
20 % PEG 5000 
0.15 M Sodium Formate 
0.05 M BICINE pH 8.5 
20 % PEG 5000 
0.20 M Sodium Formate 
0.05 M BICINE pH 8.5 
20 % PEG 5000 
0.25 M Sodium Formate 
0.05 M BICINE pH 8.5 
20 % PEG 5000 
0.30 M Sodium Formate 
0.05 M BICINE pH 8.5 
20 % PEG 5000 
0.35 M Sodium Formate 
0.05 M BICINE pH 8.5 
20 % PEG 5000 
0.10 M Sodium Formate 
0.10 M BICINE pH 8.5 
20 % PEG 5000 
0.15 M Sodium Formate 
0.10 M BICINE pH 8.5 
20 % PEG 5000 
0.20 M Sodium Formate 
0.10 M BICINE pH 8.5 
20 % PEG 5000 
0.25 M Sodium Formate 
0.10 M BICINE pH 8.5 
20 % PEG 5000 
0.30 M Sodium Formate 
0.10 M BICINE pH 8.5 
20 % PEG 5000 
0.35 M Sodium Formate 
0.10 M BICINE pH 8.5 
20 % PEG 5000 
0.10 M Sodium Formate 
0.15 M BICINE pH 8.5 
20 % PEG 5000 
0.15 M Sodium Formate 
0.15 M BICINE pH 8.5 
20 % PEG 5000 
0.20 M Sodium Formate 
0.15 M BICINE pH 8.5 
20 % PEG 5000 
0.25 M Sodium Formate 
0.15 M BICINE pH 8.5 
20 % PEG 5000 
0.30 M Sodium Formate 
0.15 M BICINE pH 8.5 
20 % PEG 5000 
0.35 M Sodium Formate 
0.15 M BICINE pH 8.5 
20 % PEG 5000 
0.10 M Sodium Formate 
0.20 M BICINE pH 8.5 
20 % PEG 5000 
0.15 M Sodium Formate 
0.20 M BICINE pH 8.5 
20 % PEG 5000 
0.20 M Sodium Formate 
0.20 M BICINE pH 8.5 
20 % PEG 5000 
0.25 M Sodium Formate 
0.20 M BICINE pH 8.5 
20 % PEG 5000 
0.30 M Sodium Formate 
0.20 M BICINE pH 8.5 
20 % PEG 5000 
0.35 M Sodium Formate 
0.20 M BICINE pH 8.5 






Rec/LG (46 mg/mL): Nickel chloride + tris + lithium sulfate 
0.005 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.005 M Nickel Chloride 
0.8 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.005 M Nickel Chloride 
1.0 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.005 M Nickel Chloride 
1.2 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.005 M Nickel Chloride 
1.4 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.005 M Nickel Chloride 
1.6 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.010 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.010 M Nickel Chloride 
0.8 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.010 M Nickel Chloride 
1.0 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.010 M Nickel Chloride 
1.2 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.010 M Nickel Chloride 
1.4 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.010 M Nickel Chloride 
1.6 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.015 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.015 M Nickel Chloride 
0.8 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.015 M Nickel Chloride 
1.0 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.015 M Nickel Chloride 
1.2 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.015 M Nickel Chloride 
1.4 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.015 M Nickel Chloride 
1.6 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.020 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.020 M Nickel Chloride 
0.8 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.020 M Nickel Chloride 
1.0 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.020 M Nickel Chloride 
1.2 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.020 M Nickel Chloride 
1.4 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.020 M Nickel Chloride 
1.6 M Lithium Sulfate 
0.1 M Tris pH 8.5 
 
Rec/LG (46 mg/mL): Ammonium sulfate + tris + glycerol 
0.9 M Ammonium Sulfate 
0.05 M Tris pH 8.5 
12 % Glycerol 
1.1 M Ammonium Sulfate 
0.05 M Tris pH 8.5 
12 % Glycerol 
1.3 M Ammonium Sulfate 
0.05 M Tris pH 8.5 
12 % Glycerol 
1.5 M Ammonium Sulfate 
0.05 M Tris pH 8.5 
12 % Glycerol 
1.7 M Ammonium Sulfate 
0.05 M Tris pH 8.5 
12 % Glycerol 
1.9 M Ammonium Sulfate 
0.05 M Tris pH 8.5 
12 % Glycerol 
0.9 M Ammonium Sulfate 
0.10 M Tris pH 8.5 
12 % Glycerol 
1.1 M Ammonium Sulfate 
0.10 M Tris pH 8.5 
12 % Glycerol 
1.3 M Ammonium Sulfate 
0.10 M Tris pH 8.5 
12 % Glycerol 
1.5 M Ammonium Sulfate 
0.10 M Tris pH 8.5 
12 % Glycerol 
1.7 M Ammonium Sulfate 
0.10 M Tris pH 8.5 
12 % Glycerol 
1.9 M Ammonium Sulfate 
0.10 M Tris pH 8.5 
12 % Glycerol 
0.9 M Ammonium Sulfate 
0.15 M Tris pH 8.5 
12 % Glycerol 
1.1 M Ammonium Sulfate 
0.15 M Tris pH 8.5 
12 % Glycerol 
1.3 M Ammonium Sulfate 
0.15 M Tris pH 8.5 
12 % Glycerol 
1.5 M Ammonium Sulfate 
0.15 M Tris pH 8.5 
12 % Glycerol 
1.7 M Ammonium Sulfate 
0.15 M Tris pH 8.5 
12 % Glycerol 
1.9 M Ammonium Sulfate 
0.15 M Tris pH 8.5 




0.9 M Ammonium Sulfate 
0.20 M Tris pH 8.5 
12 % Glycerol 
1.1 M Ammonium Sulfate 
0.20 M Tris pH 8.5 
12 % Glycerol 
1.3 M Ammonium Sulfate 
0.20 M Tris pH 8.5 
12 % Glycerol 
1.5 M Ammonium Sulfate 
0.20 M Tris pH 8.5 
12 % Glycerol 
1.7 M Ammonium Sulfate 
0.20 M Tris pH 8.5 
12 % Glycerol 
1.9 M Ammonium Sulfate 
0.20 M Tris pH 8.5 
12 % Glycerol 
 
Rec/EX (29 mg/mL + IPM): HEPES + PEG 8000 + Ethylene glycol 
0.1 M HEPES pH 8.4 
10 % PEG 8000 
4 % Ethylene Glycol 
0.1 M HEPES pH 8.6 
10 % PEG 8000 
4 % Ethylene Glycol 
0.1 M HEPES pH 8.8 
10 % PEG 8000 
4 % Ethylene Glycol 
0.1 M HEPES pH 9.0 
10 % PEG 8000 
4 % Ethylene Glycol 
0.1 M HEPES pH 9.2 
10 % PEG 8000 
4 % Ethylene Glycol 
0.1 M HEPES pH 9.4 
10 % PEG 8000 
4 % Ethylene Glycol 
0.1 M HEPES pH 8.4 
10 % PEG 8000 
6 % Ethylene Glycol 
0.1 M HEPES pH 8.6 
10 % PEG 8000 
6 % Ethylene Glycol 
0.1 M HEPES pH 8.8 
10 % PEG 8000 
6 % Ethylene Glycol 
0.1 M HEPES pH 9.0 
10 % PEG 8000 
6 % Ethylene Glycol 
0.1 M HEPES pH 9.2 
10 % PEG 8000 
6 % Ethylene Glycol 
0.1 M HEPES pH 9.4 
10 % PEG 8000 
6 % Ethylene Glycol 
0.1 M HEPES 
10 % PEG 8000 
8 % Ethylene Glycol 
0.1 M HEPES pH 8.6 
10 % PEG 8000 
8 % Ethylene Glycol 
0.1 M HEPES pH 8.8 
10 % PEG 8000 
8 % Ethylene Glycol 
0.1 M HEPES pH 9.0 
10 % PEG 8000 
8 % Ethylene Glycol 
0.1 M HEPES 
10 % PEG 8000 
8 % Ethylene Glycol 
0.1 M HEPES pH 9.4 
10 % PEG 8000 
8 % Ethylene Glycol 
0.1 M HEPES 
10 % PEG 8000 
10 % Ethylene Glycol 
0.1 M HEPES pH 8.6 
10 % PEG 8000 
10 % Ethylene Glycol 
0.1 M HEPES pH 8.8 
10 % PEG 8000 
10 % Ethylene Glycol 
0.1 M HEPES pH 9.0 
10 % PEG 8000 
10 % Ethylene Glycol 
0.1 M HEPES 
10 % PEG 8000 
10 % Ethylene Glycol 
0.1 M HEPES pH 9.4 
10 % PEG 8000 
10 % Ethylene Glycol 
 
Rec/EX (29 mg/mL + IPM): BIS-TRIS propane + PEG 550 
0.1 M BIS-TRIS Propane 
15 % PEG 550 
0.1 M BIS-TRIS Propane 
15 % PEG 550 
0.1 M BIS-TRIS Propane 
15 % PEG 550 
0.1 M BIS-TRIS Propane 
15 % PEG 550 
0.1 M BIS-TRIS Propane 
15 % PEG 550 
0.1 M BIS-TRIS Propane 
15 % PEG 550 
0.1 M BIS-TRIS Propane 
20 % PEG 550 
0.1 M BIS-TRIS Propane 
20 % PEG 550 
0.1 M BIS-TRIS Propane 
20 % PEG 550 
0.1 M BIS-TRIS Propane 
20 % PEG 550 
0.1 M BIS-TRIS Propane 
20 % PEG 550 
0.1 M BIS-TRIS Propane 




0.1 M BIS-TRIS Propane 
25 % PEG 550 
0.1 M BIS-TRIS Propane 
25 % PEG 550 
0.1 M BIS-TRIS Propane 
25 % PEG 550 
0.1 M BIS-TRIS Propane 
25 % PEG 550 
0.1 M BIS-TRIS Propane 
25 % PEG 550 
0.1 M BIS-TRIS Propane 
25 % PEG 550 
0.1 M BIS-TRIS Propane 
30 % PEG 550 
0.1 M BIS-TRIS Propane 
30 % PEG 550 
0.1 M BIS-TRIS Propane 
30 % PEG 550 
0.1 M BIS-TRIS Propane 
30 % PEG 550 
0.1 M BIS-TRIS Propane 
30 % PEG 550 
0.1 M BIS-TRIS Propane 
30 % PEG 550 
 
Rec/EX (33 mg/mL): MPD + HEPES + PEG 10,000 
5 % MPD 
0.05 M HEPES pH 6.9 
10 % PEG 10000 
5 % MPD 
0.05 M HEPES pH 7.1 
10 % PEG 10000 
5 % MPD 
0.05 M HEPES pH 7.3 
10 % PEG 10000 
5 % MPD 
0.05 M HEPES pH 7.5 
10 % PEG 10000 
5 % MPD 
0.05 M HEPES pH 7.7 
10 % PEG 10000 
5 % MPD 
0.05 M HEPES pH 7.9 
10 % PEG 10000 
5 % MPD 
0.10 M HEPES pH 6.9 
10 % PEG 10000 
5 % MPD 
0.10 M HEPES pH 7.1 
10 % PEG 10000 
5 % MPD 
0.10 M HEPES pH 7.3 
10 % PEG 10000 
5 % MPD 
0.10 M HEPES pH 7.5 
10 % PEG 10000 
5 % MPD 
0.10 M HEPES pH 7.7 
10 % PEG 10000 
5 % MPD 
0.10 M HEPES pH 7.9 
10 % PEG 10000 
5 % MPD 
0.15 M HEPES pH 6.9 
10 % PEG 10000 
5 % MPD 
0.15 M HEPES pH 7.1 
10 % PEG 10000 
5 % MPD 
0.15 M HEPES pH 7.3 
10 % PEG 10000 
5 % MPD 
0.15 M HEPES pH 7.5 
10 % PEG 10000 
5 % MPD 
0.15 M HEPES pH 7.7 
10 % PEG 10000 
5 % MPD 
0.15 M HEPES pH 7.9 
10 % PEG 10000 
5 % MPD 
0.20 M HEPES pH 6.9 
10 % PEG 10000 
5 % MPD 
0.20 M HEPES pH 7.1 
10 % PEG 10000 
5 % MPD 
0.20 M HEPES pH 7.3 
10 % PEG 10000 
5 % MPD 
0.20 M HEPES pH 7.5 
10 % PEG 10000 
5 % MPD 
0.20 M HEPES pH 7.7 
10 % PEG 10000 
5 % MPD 
0.20 M HEPES pH 7.9 
10 % PEG 10000 
 
Rec/EX (33 mg/mL): Sodium chloride + BIS-TRIS propane 
2.6 M Sodium Chloride 
0.05 M BIS-TRIS propane 
pH 7 
2.8 M Sodium Chloride 
0.05 M BIS-TRIS propane 
pH 7 
3.0 M Sodium Chloride 
0.05 M BIS-TRIS propane 
pH 7 
3.2 M Sodium Chloride 
0.05 M BIS-TRIS propane 
pH 7 
3.4 M Sodium Chloride 
0.05 M BIS-TRIS propane 
pH 7 
3.6 M Sodium Chloride 





2.6 M Sodium Chloride 
0.10 M BIS-TRIS propane 
pH 7 
2.8 M Sodium Chloride 
0.10 M BIS-TRIS propane 
pH 7 
3.0 M Sodium Chloride 
0.10 M BIS-TRIS propane 
pH 7 
3.2 M Sodium Chloride 
0.10 M BIS-TRIS propane 
pH 7 
3.4 M Sodium Chloride 
0.10 M BIS-TRIS propane 
pH 7 
3.6 M Sodium Chloride 
0.10 M BIS-TRIS propane 
pH 7 
2.6 M Sodium Chloride 
0.15 M BIS-TRIS propane 
pH 7 
2.8 M Sodium Chloride 
0.15 M BIS-TRIS propane 
pH 7 
3.0 M Sodium Chloride 
0.15 M BIS-TRIS propane 
pH 7 
3.2 M Sodium Chloride 
0.15 M BIS-TRIS propane 
pH 7 
3.4 M Sodium Chloride 
0.15 M BIS-TRIS propane 
pH 7 
3.6 M Sodium Chloride 
0.15 M BIS-TRIS propane 
pH 7 
2.6 M Sodium Chloride 
0.20 M BIS-TRIS propane 
pH 7 
2.8 M Sodium Chloride 
0.20 M BIS-TRIS propane 
pH 7 
3.0 M Sodium Chloride 
0.20 M BIS-TRIS propane 
pH 7 
3.2 M Sodium Chloride 
0.20 M BIS-TRIS propane 
pH 7 
3.4 M Sodium Chloride 
0.20 M BIS-TRIS propane 
pH 7 
3.6 M Sodium Chloride 
0.20 M BIS-TRIS propane 
pH 7 
 
Rec/EX (33 mg/mL): BIS-TRIS + PEG 1500 
0.02 M BIS-TRIS pH 6.5 
16 % PEG 1500 
0.06 M BIS-TRIS pH 6.5 
16 % PEG 1500 
0.10 M BIS-TRIS pH 6.5 
16 % PEG 1500 
0.14 M BIS-TRIS pH 6.5 
16 % PEG 1500 
0.18 M BIS-TRIS pH 6.5 
16 % PEG 1500 
0.22 M BIS-TRIS pH 6.5 
16 % PEG 1500 
0.02 M BIS-TRIS pH 6.5 
18 % PEG 1500 
0.06 M BIS-TRIS pH 6.5 
18 % PEG 1500 
0.10 M BIS-TRIS pH 6.5 
18 % PEG 1500 
0.14 M BIS-TRIS pH 6.5 
18 % PEG 1500 
0.18 M BIS-TRIS pH 6.5 
18 % PEG 1500 
0.22 M BIS-TRIS pH 6.5 
18 % PEG 1500 
0.02 M BIS-TRIS pH 6.5 
20 % PEG 1500 
0.06 M BIS-TRIS pH 6.5 
20 % PEG 1500 
0.10 M BIS-TRIS pH 6.5 
20 % PEG 1500 
0.14 M BIS-TRIS pH 6.5 
20 % PEG 1500 
0.18 M BIS-TRIS pH 6.5 
20 % PEG 1500 
0.22 M BIS-TRIS pH 6.5 
20 % PEG 1500 
0.02 M BIS-TRIS pH 6.5 
22 % PEG 1500 
0.06 M BIS-TRIS pH 6.5 
22 % PEG 1500 
0.10 M BIS-TRIS pH 6.5 
22 % PEG 1500 
0.14 M BIS-TRIS pH 6.5 
22 % PEG 1500 
0.18 M BIS-TRIS pH 6.5 
22 % PEG 1500 
0.22 M BIS-TRIS pH 6.5 







Rec/EX (86 mg/mL): Sodium chloride + sodium acetate + MPD 
0.10 M NaCl 
0.05 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.15 M NaCl 
0.05 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.20 M NaCl 
0.05 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.25 M NaCl 
0.05 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.30 M NaCl 
0.05 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.35 M NaCl 
0.05 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.10 M NaCl 
0.10 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.15 M NaCl 
0.10 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.20 M NaCl 
0.10 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.25 M NaCl 
0.10 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.30 M NaCl 
0.10 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.35 M NaCl 
0.10 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.10 M NaCl 
0.15 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.15 M NaCl 
0.15 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.20 M NaCl 
0.15 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.25 M NaCl 
0.15 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.30 M NaCl 
0.15 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.35 M NaCl 
0.15 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.10 M NaCl 
0.20 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.15 M NaCl 
0.20 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.20 M NaCl 
0.20 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.25 M NaCl 
0.20 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.30 M NaCl 
0.20 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
0.35 M NaCl 
0.20 M Sodium Acetate 
Trihydrate pH 4.8 
30 % MPD 
 
Rec/EX (69 mg/mL): Diammonium hydrogen citrate + magnesium sulfate + PEG 3350 + glycerol 
0.05 M Diammonium 
Hydrogen Citrate pH 5.5 
0.002 M Magnesium Sulfate 
15 % PEG 3350 
4 % Glycerol 
0.10 M Diammonium 
Hydrogen Citrate pH 5.5 
0.002 M Magnesium Sulfate 
15 % PEG 3350 
4 % Glycerol 
0.15 M Diammonium 
Hydrogen Citrate pH 5.5 
0.002 M Magnesium Sulfate 
15 % PEG 3350 
4 % Glycerol 
0.20 M Diammonium 
Hydrogen Citrate pH 5.5 
0.002 M Magnesium Sulfate 
15 % PEG 3350 
4 % Glycerol 
0.25 M Diammonium 
Hydrogen Citrate pH 5.5 
0.002 M Magnesium Sulfate 
15 % PEG 3350 
4 % Glycerol 
0.30 M Diammonium 
Hydrogen Citrate pH 5.5 
0.002 M Magnesium Sulfate 
15 % PEG 3350 
4 % Glycerol 
0.05 M Diammonium 
Hydrogen Citrate pH 5.5 
0.004 M Magnesium Sulfate 
15 % PEG 3350 
4 % Glycerol 
0.10 M Diammonium 
Hydrogen Citrate pH 5.5 
0.004 M Magnesium Sulfate 
15 % PEG 3350 
4 % Glycerol 
0.15 M Diammonium 
Hydrogen Citrate pH 5.5 
0.004 M Magnesium Sulfate 
15 % PEG 3350 
4 % Glycerol 
0.20 M Diammonium 
Hydrogen Citrate pH 5.5 
0.004 M Magnesium Sulfate 
15 % PEG 3350 
4 % Glycerol 
0.25 M Diammonium 
Hydrogen Citrate pH 5.5 
0.004 M Magnesium Sulfate 
15 % PEG 3350 
4 % Glycerol 
0.30 M Diammonium 
Hydrogen Citrate pH 5.5 
0.004 M Magnesium Sulfate 
15 % PEG 3350 
4 % Glycerol 
0.05 M Diammonium 
Hydrogen Citrate pH 5.5 
0.006 M Magnesium Sulfate 
0.10 M Diammonium 
Hydrogen Citrate pH 5.5 
0.006 M Magnesium Sulfate 
0.15 M Diammonium 
Hydrogen Citrate pH 5.5 
0.006 M Magnesium Sulfate 
0.20 M Diammonium 
Hydrogen Citrate pH 5.5 
0.006 M Magnesium Sulfate 
0.25 M Diammonium 
Hydrogen Citrate pH 5.5 
0.006 M Magnesium Sulfate 
0.30 M Diammonium 
Hydrogen Citrate pH 5.5 




15 % PEG 3350 
4 % Glycerol 
15 % PEG 3350 
4 % Glycerol 
15 % PEG 3350 
4 % Glycerol 
15 % PEG 3350 
4 % Glycerol 
15 % PEG 3350 
4 % Glycerol 
15 % PEG 3350 
4 % Glycerol 
0.05 M Diammonium 
Hydrogen Citrate pH 5.5 
0.008 M Magnesium Sulfate 
15 % PEG 3350 
4 % Glycerol 
0.10 M Diammonium 
Hydrogen Citrate pH 5.5 
0.008 M Magnesium Sulfate 
15 % PEG 3350 
4 % Glycerol 
0.15 M Diammonium 
Hydrogen Citrate pH 5.5 
0.008 M Magnesium Sulfate 
15 % PEG 3350 
4 % Glycerol 
0.20 M Diammonium 
Hydrogen Citrate pH 5.5 
0.008 M Magnesium Sulfate 
15 % PEG 3350 
4 % Glycerol 
0.25 M Diammonium 
Hydrogen Citrate pH 5.5 
0.008 M Magnesium Sulfate 
15 % PEG 3350 
4 % Glycerol 
0.30 M Diammonium 
Hydrogen Citrate pH 5.5 
0.008 M Magnesium Sulfate 
15 % PEG 3350 
4 % Glycerol 
 
Rec/EX (69 mg/mL): Calcium chloride + 2-methyl-2,4-pentanediol + BIS-TRIS 




0.1 M BIS-TRIS pH 5.9 




0.1 M BIS-TRIS pH 6.1 




0.1 M BIS-TRIS pH 6.3 




0.1 M BIS-TRIS pH 6.5 




0.1 M BIS-TRIS pH 6.7 




0.1 M BIS-TRIS pH 6.9 
0.015 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 8.1 
0.015 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 8.3 
0.015 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 8.5 
0.015 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 8.7 
0.015 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 8.9 
0.015 M Nickel Chloride 
0.6 M Lithium Sulfate 
0.1 M Tris pH 9.1 
0.05 M BIS-TRIS Propane 
pH 8.5 
14 % Jeffamine pH 7 
0.05 M BIS-TRIS Propane 
pH 8.6 
14 % Jeffamine pH 7 
0.05 M BIS-TRIS Propane 
pH 8.8 
14 % Jeffamine pH 7 
0.05 M BIS-TRIS Propane 
pH 9.0 
14 % Jeffamine pH 7 
0.05 M BIS-TRIS Propane 
pH 9.2 
14 % Jeffamine pH 7 
0.05 M BIS-TRIS Propane 
pH 9.5 
14 % Jeffamine pH 7 
1.1 M Ammonium Sulfate 
8 % Glycerol 
0.1 M Tris pH 8.5 
1.1 M Ammonium Sulfate 
8 % Glycerol 
0.1 M Tris pH 8.5 
1.1 M Ammonium Sulfate 
8 % Glycerol 
0.1 M Tris pH 8.5 
1.1 M Ammonium Sulfate 
8 % Glycerol 
0.1 M Tris pH 8.5 
1.1 M Ammonium Sulfate 
8 % Glycerol 
0.1 M Tris pH 8.5 
1.1 M Ammonium Sulfate 
8 % Glycerol 
0.1 M Tris pH 8.5 
 
Rec/EX (4 mg/mL): BIS-TRIS propane + jeffamine 
0.05 M BIS-TRIS Propane 
pH 9.0 
6 % Jeffamine pH 7 
0.05 M BIS-TRIS Propane 
pH 9.0 
8 % Jeffamine pH 7 
0.05 M BIS-TRIS Propane 
pH 9.0 
10 % Jeffamine pH 7 
0.05 M BIS-TRIS Propane 
pH 9.0 
12 % Jeffamine pH 7 
0.05 M BIS-TRIS Propane 
pH 9.0 
14 % Jeffamine pH 7 
0.05 M BIS-TRIS Propane 
pH 9.0 




0.10 M BIS-TRIS Propane 
pH 9.0 
6 % Jeffamine pH 7 
0.10 M BIS-TRIS Propane 
pH 9.0 
8 % Jeffamine pH 7 
0.10 M BIS-TRIS Propane 
pH 9.0 
10 % Jeffamine pH 7 
0.10 M BIS-TRIS Propane 
pH 9.0 
12 % Jeffamine pH 7 
0.10 M BIS-TRIS Propane 
pH 9.0 
14 % Jeffamine pH 7 
0.10 M BIS-TRIS Propane 
pH 9.0 
16 % Jeffamine pH 7 
0.15 M BIS-TRIS Propane 
pH 9.0 
6 % Jeffamine pH 7 
0.15 M BIS-TRIS Propane 
pH 9.0 
8 % Jeffamine pH 7 
0.15 M BIS-TRIS Propane 
pH 9.0 
10 % Jeffamine pH 7 
0.15 M BIS-TRIS Propane 
pH 9.0 
12 % Jeffamine pH 7 
0.15 M BIS-TRIS Propane 
pH 9.0 
14 % Jeffamine pH 7 
0.15 M BIS-TRIS Propane 
pH 9.0 
16 % Jeffamine pH 7 
0.20 M BIS-TRIS Propane 
pH 9.0 
6 % Jeffamine pH 7 
0.20 M BIS-TRIS Propane 
pH 9.0 
8 % Jeffamine pH 7 
0.20 M BIS-TRIS Propane 
pH 9.0 
10 % Jeffamine pH 7 
0.20 M BIS-TRIS Propane 
pH 9.0 
12 % Jeffamine pH 7 
0.20 M BIS-TRIS Propane 
pH 9.0 
14 % Jeffamine pH 7 
0.20 M BIS-TRIS Propane 
pH 9.0 
16 % Jeffamine pH 7 
 
Rec/EX (4 mg/mL): Calcium chloride + 2-methyl-2,4-pentanediol + BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 




0.1 M BIS-TRIS 










Rec/EX (4 mg/mL): Ammonium phosphate + tris 
2.0 M Ammonium 
phosphate dibasic 
0.05 M Tris pH 8.5 
2.2 M Ammonium 
phosphate dibasic 
0.05 M Tris pH 8.5 
2.4 M Ammonium 
phosphate dibasic 
0.05 M Tris pH 8.5 
2.6 M Ammonium 
phosphate dibasic 
0.05 M Tris pH 8.5 
2.8 M Ammonium 
phosphate dibasic 
0.05 M Tris pH 8.5 
3.0 M Ammonium 
phosphate dibasic 
0.05 M Tris pH 8.5 
2.0 M Ammonium 
phosphate dibasic 
0.10 M Tris pH 8.5 
2.2 M Ammonium 
phosphate dibasic 
0.10 M Tris pH 8.5 
2.4 M Ammonium 
phosphate dibasic 
0.10 M Tris pH 8.5 
2.6 M Ammonium 
phosphate dibasic 
0.10 M Tris pH 8.5 
2.8 M Ammonium 
phosphate dibasic 
0.10 M Tris pH 8.5 
3.0 M Ammonium 
phosphate dibasic 
0.10 M Tris pH 8.5 
2.0 M Ammonium 
phosphate dibasic 
0.15 M Tris pH 8.5 
2.2 M Ammonium 
phosphate dibasic 
0.15 M Tris pH 8.5 
2.4 M Ammonium 
phosphate dibasic 
0.15 M Tris pH 8.5 
2.6 M Ammonium 
phosphate dibasic 
0.15 M Tris pH 8.5 
2.8 M Ammonium 
phosphate dibasic 
0.15 M Tris pH 8.5 
3.0 M Ammonium 
phosphate dibasic 
0.15 M Tris pH 8.5 
2.0 M Ammonium 
phosphate dibasic 
0.20 M Tris pH 8.5 
2.2 M Ammonium 
phosphate dibasic 
0.20 M Tris pH 8.5 
2.4 M Ammonium 
phosphate dibasic 
0.20 M Tris pH 8.5 
2.6 M Ammonium 
phosphate dibasic 
0.20 M Tris pH 8.5 
2.8 M Ammonium 
phosphate dibasic 
0.20 M Tris pH 8.5 
3.0 M Ammonium 
phosphate dibasic 
0.20 M Tris pH 8.5 
 
Rec/EX (4 mg/mL): Citric acid + PEG 200 
0.05 M Citric acid pH 3.5 
26 % Polyethylene glycol 
200 
0.05 M Citric acid pH 3.5 
30 % Polyethylene glycol 
200 
0.05 M Citric acid pH 3.5 
34 % Polyethylene glycol 
200 
0.05 M Citric acid pH 3.5 
38 % Polyethylene glycol 
200 
0.05 M Citric acid pH 3.5 
42 % Polyethylene glycol 
200 
0.05 M Citric acid pH 3.5 
46 % Polyethylene glycol 
200 
0.10 M Citric acid pH 3.5 
26 % Polyethylene glycol 
200 
0.10 M Citric acid pH 3.5 
30 % Polyethylene glycol 
200 
0.10 M Citric acid pH 3.5 
34 % Polyethylene glycol 
200 
0.10 M Citric acid pH 3.5 
38 % Polyethylene glycol 
200 
0.10 M Citric acid pH 3.5 
42 % Polyethylene glycol 
200 
0.10 M Citric acid pH 3.5 
46 % Polyethylene glycol 
200 
0.15 M Citric acid pH 3.5 
26 % Polyethylene glycol 
200 
0.15 M Citric acid pH 3.5 
30 % Polyethylene glycol 
200 
0.15 M Citric acid pH 3.5 
34 % Polyethylene glycol 
200 
0.15 M Citric acid pH 3.5 
38 % Polyethylene glycol 
200 
0.15 M Citric acid pH 3.5 
42 % Polyethylene glycol 
200 
0.15 M Citric acid pH 3.5 
46 % Polyethylene glycol 
200 
0.20 M Citric acid pH 3.5 
26 % Polyethylene glycol 
200 
0.20 M Citric acid pH 3.5 
30 % Polyethylene glycol 
200 
0.20 M Citric acid pH 3.5 
34 % Polyethylene glycol 
200 
0.20 M Citric acid pH 3.5 
38 % Polyethylene glycol 
200 
0.20 M Citric acid pH 3.5 
42 % Polyethylene glycol 
200 
0.20 M Citric acid pH 3.5 





Crystallisation Conditions of Figure 4 
 
A: 29 mg/mL Rec/EX + 4 mM IPM, 0.1 M HEPES pH 9.0, 10 % PEG 8000, 4 % 
Ethylene Glycol 
B: 29 mg/mL Rec/EX + 4 mM IPM, 0.1 M HEPES pH 9.4, 10 % PEG 8000, 4 % 
Ethylene Glycol 
C: 46 mg/mL Rec/LG, 1.5 M Ammonium Sulfate, 0.10 M Tris pH 8.5, 12 % 
Glycerol 
D: 46 mg/mL Rec/LG, 5.5 M Ammonium Nitrate, 0.15 M Tris pH 8.5 
 
Primers 
All primers read 5’ to 3’. 
 




Second set of primers, which start and end 20 base pairs from the leuB gene: 
Forward: AAACCACACAGCTGTCGGATCATAA 
Reverse: TTTCGATGATTGTTCGAGGCATCAT 
 
 
